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Abstract. During its 40-year operational period (1983-2023), the Joint European Torus (JET) made
significant contributions to the advancement of knowledge in the field of ion cyclotron range of frequencies
(ICRF) physics in magnetically confined plasmas. The unique combination of large size, flexible auxiliary
systems, and tritium-handling capabilities of JET provided an unparalleled environment for reactor-relevant
investigations. The studies furthered the understanding of wave-particle interactions and fast ion dynamics.
Furthermore, they explored the interplay between ICRF heating and key plasma phenomena, including
current drive, rotation, and impurity transport. Notable achievements included the stabilisation of sawtooth
oscillations, the characterisation of alpha-like fast ion behaviour, and the development of impurity control
strategies. These achievements contributed to the validation of advanced ICRF heating schemes.
Collectively, the results offer valuable lessons that directly inform the design and operation of ITER and

other next-generation fusion devices.

1 Introduction

Ion Cyclotron Range of Frequencies (ICRF) heating is a
fundamental component of the external heating mix in
magnetic  confinement fusion. By launching
electromagnetic waves tuned to the ion cyclotron
frequency or its harmonics, wave energy is efficiently
transferred to resonant ions via wave-particle
interactions. Key advantages of ICRF heating include
bulk ion heating, which is essential for achieving the
high temperatures required for fusion, current drive
capability, and the capacity to inject controllable
momentum into the plasma [1]. Presently, ICRF heating
is employed in several operating tokamaks and
stellarators, and it is also foreseen for ITER in the
frequency range of 40-55 MHz [2] and other next-
generation devices such as SPARC at ~120 MHz [3].
ICREF heating was one of the three primary auxiliary
heating methods used in the Joint European Torus
(JET), which concluded its operations in 2023 after four
decades of experimental campaigns. The primary
objectives of the programme encompassed the
investigation of plasma heating in conditions
approaching those of a reactor. The present paper
reviews the extensive contributions of JET to ICRF
physics, with the goal of informing the design,
optimisation, and operation of future fusion devices,
particularly ITER. A review of the technological aspects
of ICRF operation at JET is given by a companion paper

[4].
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Operational from 1983 to 2023, JET provided a
uniquely capable platform for studying ICRF physics
under reactor-relevant conditions [5, 6]. With its large
plasma volume (80-100 m?), magnetic field up to 4 T,
plasma current reaching 7 MA, and an ICRF system
operating in the 25-56 MHz range, with a flexible wave
spectrum and capable of delivering up to 22 MW [4, 7,
8], JET enabled a broad and flexible exploration of
ICREF scenarios.

Normalized wave power spectra for various
phasings of the JET A2 antennas are shown in Fig. 1.
Given the flexible wave spectrum, it was possible to
modify the absorption of wave toroidal angular
momentum and its effects on the plasma using toroidally
directed waves. Toroidally directed waves were used to
drive current, induce radial transport of resonating ions
and influence plasma rotation.

JET’s advanced features included a D-shaped
plasma cross-section, low toroidal field ripple (<1%),
and progressive upgrades to plasma-facing components
from carbon to ITER-like beryllium and tungsten
materials [4, 6]. They provided a realistic testing
environment for next-step fusion devices. In particular,
JET’s capability to operate with tritium allowed for
direct investigation of ICRF heating in deuterium—
tritium (D-T) plasmas, culminating in three major D-T
campaigns: DTE1 (1997), DTE2 and DTE3 (2021-
2023), which provided valuable data on ICRF
performance in fusion-relevant regimes.
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Thanks to JET's versatility, it was possible to
conduct experiments using several ICRF heating and
current drive schemes. Both minority and/or majority
ions could be heated via resonant wave-particle
interaction when the wave frequency ® matched the
Doppler-broadened ion cyclotron frequency . of its
harmonic, i.e. ® = nocitkjv);, n>0. Figure 2 displays the
launched ICRF power as a function of frequency
together with ICRF schemes used in the DTE2
campaign. The ion cyclotron absorption was typically
rather localized around the resonance layer, and the
resonant ions were often detected with energy up to the
MeV range. However, due to the large plasma size and
multi-MA plasma current, these ICRF-accelerated ions
were well confined in JET.

A2 antenna spectra (plasma atd = 0.1m)
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Figure 1. Normalized power spectra as a function of the wave
number parallel to the magnetic field for various phasings of
the JET A2 ICRF antenna straps. Reproduced from [9]. © IOP
Publishing. Reproduced with permission. All rights reserved.

During its operational lifetime, JET successfully
implemented and validated a wide range of ICRF
heating schemes. These included minority ion heating
(H, D, T, *He in various bulk ion mixtures), harmonic
heating of either minority or majority ions and three-ion
heating schemes. ICRF heating was frequently used in
combination with neutral beam injection (NBI) [10-12]
and lower hybrid current drive (LHCD) [13, 14],
allowing both fundamental physics investigations and
the development of high-performance, integrated
plasma scenarios to take place. These combined heating
strategies revealed important nonlinear and synergistic
effects, which were characterized and benchmarked
against theoretical predictions. There were also
dedicated experiments to study the absorption of ICRF
waves by electrons, either via direct electron damping
[15, 16], or ICRF mode conversion [17]. Absorption by
electrons takes place when the wave phase velocity vpn
matches the parallel velocity of electrons, vpn = o/ k=
Ve

This paper is organised by topics that partially
overlap, in loose chronological order as follows. Section
2 provides an overview of ICRF-driven fast ion physics
and related phenomena in JET. Section 3 reviews the
key ICRF physics mechanisms studied on JET. Section

4 discusses the role of ICRF heating in D-T operation.
Section 5 finally presents the main conclusions and
summarises the lessons learned for the design and
operation of future facilities.
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Figure 2. Launched ICRF power as a function of frequency
during the DTE2 campaign. Typical ICRF scheme usage
versus frequency is also shown. Reproduced from [8], with the
permission of AIP Publishing.

2 Effects of ICRF-resonant fast ions

ICRF heating generates fast ion populations whose
dynamics significantly influence plasma behaviour. On
JET, detailed studies over four decades uncovered a
broad range of fast ion phenomena, many of which have
direct relevance for ITER and future fusion devices.
This section reviews key experimental findings related
to sawtooth stabilization and control via ICRF-
generated fast ions, radial transport effects such as the
ICRF-induced fast ion pinch, ICRF-driven plasma
rotation, and synergistic interactions between ICRF and
lower hybrid (LH) waves that enhance fast ion
acceleration. Together, these studies illustrate the
diverse and critical roles of fast ions in plasma
performance and control.

2.1 Modifications of sawtooth oscillations with
ICRF-driven fast ions

When high-power ICRF heating became available on
JET, experiments revealed that central ICRF power
deposition could produce extended sawtooth-free
phases such as that shown in Fig. 3, even in plasmas with
the central safety factor below one (qo<1). These long-
period events, often referred to as “monster sawteeth,”
were first reported in [ 18]. This stabilization of sawtooth
instability is due to ICRF-heated fast ions with
precessional drift frequency above the mode frequency
[19]. Stabilization arises because the magnetic flux
through the area defined by the fast ion precessional drift
motion is adiabatically conserved. Electromagnetic
perturbation needs to work against the fast ion pressure,
which has a stabilizing effect. This mechanism is
considered a close analogue to the expected stabilization
effect from fusion-born alpha particles in burning
plasmas.
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Figure 3. Central electron temperature and ICRF power for
discharge 13430 with sawtooth stabilization due to ICRF-
accelerated fast ions. Here, a sawtooth period of up to 3.5 s is
measured. Reproduced from [20], with the permission of AIP
Publishing.

Further studies on JET demonstrated that the degree
of sawtooth stabilization is dependent on plasma
parameters. At low electron densities, the pressure of
ICRF-generated fast ions may be insufficient to fully
suppress the internal kink mode [21]. Under these
conditions, a transition to short-period, irregular
"grassy" sawteeth was observed, often accompanied by
enhanced fast electron activity which was potentially
linked to runaway electron generation. These findings
emphasized the importance of optimizing plasma
conditions to ensure reliable sawtooth control.

In addition to passive stabilization, JET also
explored active sawtooth control using ion cyclotron
current drive (ICCD) [20, 22-29]. By launching
toroidally directed ICRF waves, localized current was
driven near the g=1 surface, enabling modification of
the local magnetic shear. This approach allowed precise
control over the sawtooth period, either lengthening or
shortening it as needed. Such flexibility is particularly
valuable in balancing competing operational goals:
longer sawteeth, typically accompanied with larger
crashes, may be beneficial for impurity flushing, while
shorter sawteeth can help avoid triggering neoclassical
tearing modes (NTMs).

Moreover, combined strategies involving both fast
ion stabilization and ICCD proved especially effective.
In these schemes, as illustrated by Fig. 4, long sawtooth
periods induced by fast ion pressure could be actively
shortened using ICCD to pre-empt NTM onset [26].
These results highlight the dual role of ICRF waves not
only as a bulk heating method but also as a real-time
actuator for magnetohydrodynamic (MHD) control.
This multifaceted capability will be essential for ITER
and future burning plasma devices, where robust
sawtooth management is crucial for stable and sustained
operation in the presence of expected sawtooth
stabilisation by fusion-born alpha particles.
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Figure 4. Overview of discharge 58934 demonstrating the
shortening of fast-ion-induced long sawtooth periods by
minority ICCD. From bottom to top, the traces show ICRF
power for +90° central H resonance, -90° power for minority
ICCD with a H resonance on the high field side; major radii
(Ric) of the cyclotron resonances, major radius of the sawtooth
inversion radius (Rinv), central electron density and central
electron temperature. Reproduced courtesy of IAEA. Figure
from [26]. Copyright (2006) IAEA.

2.2 Interaction of lower hybrid waves with
ICRF-driven fast ions

JET experiments with combined ICRF heating and
lower hybrid (LH) current drive demonstrated that LH
waves can interact synergistically with ICRF-
accelerated ions when their respective power deposition
profiles overlap spatially [13, 14], This coupling was
found to lead to a measurable enhancement in the fast
ion energy content as well as a significant increase in the
number of fast ions exceeding 1.5 MeV, as evidenced by
enhanced 3.5 MeV y-ray emission. These y-rays resulted
from nuclear reactions involving high-energy ions,
confirming that the combined application of LH and
ICRF waves can extend the fast ion tail under favourable
plasma conditions.

These observations indicate that LH waves can
enhance fast ion acceleration when used in conjunction
with ICRF heating, offering an approach to shaping
energetic particle distributions in fusion plasmas. This
synergy has implications for optimizing LH current
drive efficiency, improving heating performance, and
managing fast ion-driven instabilities in next-generation
devices.

2.3 Experimental evidence for ICRF-induced
particle pinch

JET provided the first experimental validation of the
theoretically predicted ICRF-induced radial pinch of
fast ions which is a phenomenon arising from the
absorption of wave angular momentum by trapped,
resonant ions in toroidally asymmetric ICRF wave fields
[30-32]. Depending on the toroidal wave propagation
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direction, these ions experience a net radial drift either
inward or outward, offering a means to control their
spatial distribution within the plasma [33].

The first clear evidence of this effect was reported
during hydrogen minority heating experiments [30].
Reversing the toroidal phasing of the ICRF waves led to
measurable changes in several plasma properties such as
sawtooth periods, Alfvén eigenmode (AE) activity, and
the radial profile of fast-ion populations. Inward-
directed pinch conditions with +90° phasing of the JET
A2 antennas led to more centrally peaked fast-ion
profiles, increased AE activity, and lengthened sawtooth
periods. These results were consistent with predictions
from 3D Fokker—Planck simulations.

Building on these findings, y-ray tomography was
later used in experiments with *He minority heating to
directly visualize the redistribution of fast ions [31, 32].
The observed y-ray emission was due to the nuclear
reaction '2C(*He, py)'*N between ICRF-accelerated *He
ions and carbon, which was the main plasma impurity
species. Tomographic reconstructions of the radial
profile of the y-ray emission were performed using the
JET neutron profile monitor, thus providing direct
measurements of the radial profiles of fast ions. The
measured y-ray emissivity profiles shown in Fig. 5
clearly reflected the influence of ICRF wave phasing on
fast-ion localization. Simulations reproduced the
experimental results and attributed the inward pinch to
enhanced radial gradients in the fast-ion distribution,
which in turn increased AE drive.
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Figure 5. Contour plots of the reconstructed y -ray emission
profile, normalized to the peak emissivity. The ICRF
resonance location is shown in red. The y-ray emission for
inward pinch of resonating ions with +90° phasing is stronger
and spread out on the low-field side of the He minority
resonance layer at R=2.8 m, whereas the y-ray emission for
outward pinch of resonating ions (-90° phasing) is weaker and
spread along the 3He minority resonance layer. Reproduced
from [31]. Adapted figure with permission from [31].
Copyright (2002) by the American Physical Society.

These experiments firmly established the ICRF-
induced fast ion pinch as a controllable mechanism for
tailoring fast ion profiles. This capability has significant
implications for the optimization of power deposition,
energetic particle confinement, and the mitigation of fast
ion-driven MHD instabilities in future burning plasma
devices.

2.4 Effects of ICRF waves on plasma rotation

Beyond their role in shaping fast-ion distribution
functions and their effects on plasma properties, ICRF
waves have also been shown to influence toroidal
plasma rotation, even in the absence of net external
momentum input. On JET, experiments using toroidally
directed ICRF waves demonstrated clear modifications
to the toroidal rotation profile [34]. These changes were
attributed to momentum transfer from ICRF-accelerated
fast ions, particularly trapped resonant ions, to the bulk
plasma via collisional interactions. The direction and
magnitude of the induced rotation were found to depend
sensitively on the phasing of the ICRF waves, in
agreement with the theoretical predictions shown in
Fig. 6.
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Figure 6. Plasma rotation profiles resulting from inserting the
simulated fast ion torques in the momentum diffusion
equation. Reprinted figure with permission from [34].
Copyright (2004) by the American Physical Society.
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Figure 7. Comparison of the rotation profile for an ICRF
resonance layer at R=2.59 m and at R=2.73 m as a function
of the plasma major radius during H minority heating in JET.
The plasma axis is indicated by the vertical line. Reproduced
courtesy of IAEA. Figure from [35]. Copyright (2003) IAEA.

Toroidal rotation was also observed in the presence
of ICRF heating when net launched momentum was
negligible [35, 36]. The origin of this “intrinsic” rotation
remains not fully understood, though experimental
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observations on JET have played a central role in its
characterization and in stimulating further theoretical
development. For example, changing the minority
concentration or ICRF resonance location as illustrated
in Fig. 7 was found to lead to modifications of plasma
toroidal rotation on JET.

Together, these findings highlight the potential of
ICRF waves as a non-intrusive actuator for plasma
rotation control. This is particularly relevant for next-
step fusion devices such as ITER, where the ability to
externally drive rotation will be constrained by limited
neutral beam momentum input. Leveraging ICRF-
driven rotation could contribute to improved MHD
stability, enhanced impurity control, and better overall
confinement in steady-state operation.

3 ICRF physics mechanisms

Four decades of experimentation at JET also provided a
rich and detailed understanding of the fundamental
mechanisms that govern ICRF heating in magnetically
confined plasmas. The flexibility of the JET ICRF
system enabled systematic exploration of a wide range
of scenarios, uncovering key physical effects that
influence wave-particle interactions, fast-ion dynamics,
impurity behavior, and heating efficiency. This section
reviews several major physics findings from JET's ICRF
program, including the experimental validation of finite
Larmor radius (FLR) effects, the generation of energetic
helium ions as analogs to fusion-born alphas, studies of
ICRF mode conversion and transition to ICRF minority
heating, non-activated heating schemes for early plasma
operation, and novel three-ion ICRF scenarios. It also
highlights ICRF’s dual role in impurity production and
impurity control in plasmas with metallic walls,
revealing the complex nature of its impacts on plasma
performance and fusion viability.

3.1 Experimental confirmation of finite Larmor
radius (FLR) effects

During high-power ICRF heating, the distribution
function of resonant ions becomes strongly anisotropic,
with a pronounced high-energy tail developing
primarily in the perpendicular velocity direction. This
behaviour results from quasi-linear diffusion in phase
space, where the diffusion process is sensitive to the
ion's gyro-radius (also called the Larmor radius) relative
to the perpendicular wavelength of the wave field.

At certain ion energies, the finite Larmor radius
(FLR) effects can significantly diminish the efficiency
of wave-particle interactions by reducing the coupling
between the wave field and resonant ions. In such cases,
energy-dependent suppression of the quasi-linear
diffusion coefficient can lead to the formation of
effective cutoff energies, beyond which further ion
acceleration is strongly inhibited. This can constrain the
achievable fast-ion energy spectrum and limit the
effectiveness of ICRF heating under specific conditions.

JET experiments provided clear evidence of these
FLR effects [37-39] during high harmonic heating.
Measurements in hydrogen minority heating scenarios
showed notable variations in the shape and extent of the
fast-ion distribution function as shown in Fig. 8. These
observations were well explained by incorporating
higher-order FLR corrections into the diffusion operator,
as confirmed through comparison with theoretical
models and kinetic simulations.
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Figure 8. Measured (broken line) and simulated (solid line)
proton distribution function (a) with ® = 2w and (b) with
® ~ ocH. In (a), Drr is also shown. Reproduced courtesy of
IAEA. Figure from [37]. Copyright (1999) IAEA.

FLR effects were especially pronounced in second-
harmonic heating experiments. In these cases, wave-
particle coupling was observed to vanish at discrete ion
energies, resulting in sharp decay of the fast-ion energy
distribution. This is illustrated by Fig. 8 which compares
the measured and simulated proton distribution
functions for second harmonic heating of hydrogen (o ~
2wcn) and hydrogen minority heating (© = ®cu.). The
spectral features were accurately reproduced by ICRF
simulations considering finite FLR effects, reinforcing
the role of FLR-induced "gaps" in the quasi-linear
diffusion coefficient as a dominant mechanism shaping
fast-ion behaviour.
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These results highlight the critical importance of
including detailed FLR physics in predictive models of
ICRF heating. This is especially relevant in regimes
involving high-energy ions, harmonic resonances, or
precise tailoring of fast-ion populations, all of which are
of direct relevance to ITER and future burning plasma
devices.

3.2 “Artificial” alphas with third-harmonic
ICRF heating of “He beam ions

Several high harmonic ICRF heating schemes were
studied at JET. Among them, third-harmonic ICRF
heating of injected “He beam ions was developed at JET
to generate high-energy "artificial alpha particles", i.e.
fast “He ions with energies approaching those of fusion-
born alpha (o) particles (~3.5 MeV) [40]. This technique
enabled detailed studies of alpha-like fast ion behaviour
and provided a wunique testbed for diagnostics
development in a non-activated, non-D-T environment.

The strongest fast “He populations were obtained
using high-energy (120 keV) “He NBI as a seed.
Acceleration to the MeV range was confirmed via y-ray
emission from the °Be(a, ny)'2C nuclear reaction as well
as by the excitation of Alfvén eigenmodes (AEs) and
NTMs [31, 40-41].

These experiments also revealed clear signatures of
concomitant plasma effects: electron heating and
sawtooth stabilization. Both the electron temperature
and the sawtooth period were observed to increase with
rising fast-ion energy content, consistent with
expectations for alpha-like populations [40].

These results demonstrated that ICRF-accelerated
“He ions can effectively mimic fusion-born alpha
particles, offering valuable insights into alpha physics
and instabilities under reactor-relevant conditions using
plasmas for non-activated operation.

3.3 Studies of ICRF mode conversion and
transition to ICRF minority heating

In the early 2000s, JET conducted experiments on ICRF
mode conversion (MC) for localised bulk electron
heating [17]. In these plasmas, launched waves were
converted into short-wavelength modes on the high-
field side of the *He resonance in both D and “He
plasmas, and were subsequently damped by the bulk
electrons. Power modulation demonstrated that the
resulting deposition was narrow (approximately 30 cm
full width at half-maximum, equivalent to around 30%
of the minor radius), and that it could account for up to
80% of the applied ICRF power.

Figure 9 shows the electron power deposition
obtained from the break-in-slope analysis of the electron
temperature for four discharges with an increasing
concentration of 3He. As the 3He concentration
increased, the deposition shifted gradually from central
to off-axis, more peaked profiles, consistent with ICRF
MC. Furthermore, the MC power deposition could be
maintained for 4-6 s (15-40 1t5) with continuous *He
injection. Counter-current wave propagation minimized
competing damping on co-injected deuterium NBI ions,

a phenomenon which was later studied and exploited as
part of three-ion ICRF studies (see Section 3.5).

ICRF MC schemes are relevant to reactors as they
provide localised electron heating at a controllable
location, which is determined by the magnetic field and
frequency. On JET, they were subsequently used as a
localised source for heat transport studies (see, for
example, references [42—44]).
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Figure 9. Direct electron heating profiles from break-in-slope
analysis of electron temperature data for four JET discharges,
differing only in *He puff. Reproduced courtesy of IAEA.
Figure adapted from [17]. Copyright (2004) IAEA.

3.4 ICRF heating schemes for non-activated
operation

In addition to third harmonic heating of *He discussed
in section 3.2, it was possible to study several other
ICRF schemes in plasmas for non-activated operation in
JET [45-48]. For example, JET conducted dedicated
experiments on *He minority heating in hydrogen
plasmas [46], providing key insights for early non-
activated operation phases of devices like ITER. In these
scenarios, efficient ICRF heating must be achieved
without D-T fuel, relying instead on minority species
such as *He or deuterium. A series of JET discharges
demonstrated reliable power coupling at the 5 MW
level, with real-time control of the *He concentration
over a wide range (from <1% to ~10%). The
experiments showed that antenna phasing could be used
to optimize both power absorption and fast ion pinch
effects, enabling fine control over heating profiles.
These results confirmed that *He minority heating is a
viable and flexible scheme for ITER's initial hydrogen
plasma operation, supporting plasma commissioning
while minimizing activation.

3.5 Three-ion ICRF schemes: demonstration
and rich physics results on JET

In the late 2010s, so-called three-ion ICRF schemes
were discovered [49] and subsequently tested at JET
[50-52]. These schemes exploit the fact that the wave
field is strongly enhanced in the vicinity of mode
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conversion layer(s) of two main ion species with
different ion cyclotron frequencies. Strong wave
damping can occur in this region by ions that fulfill the
resonance condition ® = nw¢; + kv, leading to efficient
heating. It turns out that only a small number of resonant
ions is possible. The resonant ions can be either minority
ions or main ions with large parallel velocity, e.g. NBI
ions.

Experiments at JET demonstrated that three-ion
schemes can generate ICRF-driven fast populations in
the MeV range for physics studies and allow coupling
of ICRF power to plasma impurities. This includes °Be
in 50:50 deuterium—tritium (D-T) plasmas, which leads
to efficient bulk ion heating under conditions that are
relevant to reactors. Figure 10 illustrates the
performance of the D—(*He)-H three-ion ICRF scenario
on JET. Whereas a few % of 3He is typically needed for
minority heating in H or D majority plasmas, strong
wave absorption in H-D plasmas is achieved with about
ten times less *He [50].

Since their discovery, these schemes have been
among the most innovative and productive aspects of the
ICRF programme at JET. A comprehensive review of
three-ion physics can be found in reference [52]. These
results are significant as they expand the range of tested
ICRF schemes under reactor conditions.

Three-ion heating pulses on JET: #90753 and #90758

5

—~ 4-_

g 3L »P\T.uw.w‘w»mm -rwx-‘L

§ r |

R Pong = 3.2 MW
oL [
5F

~ 4F

> =

g 3f

2 E ' ) HE ]

=o2g #90753: X[°He] = 0.2-0.4%, X[H] = 68-74% ¥
JE #90758: X[*He] = 0.1-0.3%, X[H] = 80-82%

SR TN [N TN T S S ST [N T N S (NS ST NN S S

20F

~ 15F

b E

= 10F

= o 55 wreeeeenenes #00753
> E #90758
00 v v v

6 8 10 12 14 16 18
Time, t (s)

Figure 10. Illustration of the performance of the D-(*He)-H
three-ion ICRH scenario on JET tokamak. Reproduced from
[50].

3.6 Heavy impurities during ICRF heating in
JET with Be/W wall

Following  the installation =~ of the  JET
Beryllium/Tungsten wall [6], elevated levels of nickel
and tungsten impurities were frequently observed in the
plasma during ICRF heating, resulting from sputtering
from the plasma-facing components. The increase in
impurity content was found to depend on the ICRF
power, phasing and scheme [9, 53-54]. It was possible
to reduce the increase by optimising the strap voltage.
Localised gas puffing at the ICRF antennas (used for
maximising coupling) was also found to help. This is
relevant as it provides a way to minimise interactions

between the ICRF and the metallic walls, and the release
of impurities related to these interactions.
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Figure 11. Comparison of two similar JET discharges with
NBI-only (circles) and NBI + ICRF (squares): (a) Electron
density and temperature profiles (LIDAR); (b,c) 2D radiation
profiles (soft x-ray impurity emission tomography). The
colorbar is the same for the two radiation graphs. Reproduced
from [55]. Reproduced courtesy of IAEA. Figure from [55].
Copyright (2016) EURATOM.

3.7 ICRF heating for core impurity control in
JET with Be/W wall

High-power ICRF heating near the magnetic axis was
found to have a beneficial effect of mitigating central
Tungsten accumulation in high-performance plasmas at
JET with Beryllium/Tungsten wall [55-57]. This is
illustrated by Fig. 11 which shows a comparison of two
similar JET discharges, one discharge with NBI-only
heating and another discharge with combined NBI +
ICRF heating. The addition of ICRF heating to NBI
heating resulted in a higher plasma temperature and
better fusion performance, thanks to the absence of
central impurity accumulation. The primary impurity
control mechanism is via the impact on turbulence,
reducing the main ion density peaking, increasing
temperature screening and turbulent diffusion of W [57].
Simulations exploring various heating locations and
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schemes confirmed that ion-dominated central heating
offers better impurity control than electron-dominated
scenarios. This configuration also suppresses ion
temperature gradient (ITG) instabilities through
increased Ty/T. ratios, contributing to improved
confinement. Extrapolation to D-T plasmas suggested
that similar ICRF strategies could enhance performance
further by reducing ion-electron energy transfer and
maintaining favourable turbulence conditions. Although
increased density peaking in D-T plasmas may
accelerate W transport towards the core, this effect can
be mitigated by tailoring the beam deposition profile, for
example by increasing the pedestal density to limit beam
penetration.

These findings underscore the importance of central
ICRF heating not only for energy input, but also as a tool
to provide techniques for avoidance of impurity
accumulation with metallic walls such as those planned
for ITER.

4 ICRF Heating in D-T Plasmas

Applying ICRF heating to deuterium-tritium (D-T)
plasmas is a crucial step in bringing fusion energy
research closer to reactor-relevant conditions. At JET,
experiments conducted during all three D-T campaigns
(DTE1, DTE2 and DTE3) allowed for the systematic
development, testing and optimisation of various ICRF
heating schemes under conditions closely resembling
those anticipated for ITER. These studies demonstrated
the feasibility and effectiveness of minority and
harmonic heating schemes in D-T mixtures, and
provided valuable insights into fast ion behaviour, bulk
ion heating and fusion performance enhancement. By
integrating ICRF heating into high-performance
scenarios, JET demonstrated its pivotal role in achieving
high ion temperatures and sustaining fusion yields,
while also emphasising the importance of precise
modelling to capture the intricate physics at play. This
section reviews the progress of ICRF applications in D-
T plasmas at JET, from the initial proof-of-concept
experiments to the optimisation of integrated
performance, thereby reinforcing the importance of
ICRF heating in future fusion reactors.

4.1 Dedicated experiments to study different
ICRF heating schemes in DTE1

During the first deuterium-tritium campaign (DTE1),
JET conducted experiments dedicated to ICRF heating
only, in order to assess relevant reactor heating
scenarios [58-60]. H and *He minority schemes, as well
as a deuterium minority scheme, were tested in D-T
plasmas, confirming their viability for fusion devices. A
first-of-its-kind ~ experiment involving deuterium
minority heating in tritium plasmas achieved 1.66 MW
of D-T fusion power using 6 MW of ICRF power,
yielding a record quasi-steady-state fusion gain of Q =
0.22. (Fig. 12).

These results demonstrate the effectiveness of
minority ICRF heating schemes in D-T conditions,
providing critical insights for ITER, particularly with

regard to early H-mode operation and scenarios without
neutral beam injection. The success of these
experiments paved the way for optimising the use of
ICREF in future reactor-grade plasmas.

In addition to dedicated experiments involving only
ICRF heating, ICRF heating played a significant role in
achieving world fusion energy and power records with
the DTE1 high-performance plasmas. The ICRF heating
scenario employed for these 50%:50% D:T plasmas
involved hydrogen minority heating, coinciding with the
second harmonic heating of deuterium. With 50%:50%
D:T NBI injection present, second harmonic ICRF
acceleration of NBI deuterons took place, leading to
enhanced bulk ion heating and fusion yield via ICRF-
accelerated NBI deuterons [10, 11].
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Figure 12. H-mode plasma in which 6 MW of (D)T ICRH
power gave Prs = 1.66 MW, Qs = 0.22 (Ip = 3.7 MA,

neo & 5.1 x 10! m3). Reprinted figure with permission from
[58]. Copyright (1998) by the American Physical Society.

4.2 Integration and characterization of reactor-
relevant ICRF schemes in high-performance
plasmas in DTE2 & DTE3

During the subsequent DTE2 and DTE3 campaigns on
JET, ICRF experiments focused on integrating and
characterising reactor-relevant ICRF schemes in high-
performance plasmas [8, 61-64]. All tested scenarios,
including deuterium and *He minority heating and
second harmonic tritium heating, produced higher core
ion temperatures than conventional hydrogen minority
heating as shown in Fig. 13, consistent with theoretical
predictions.

These experiments validated the ICRF power
partitioning, fast ion behaviour, and heating efficiency
in reactor-like conditions. Experiments with second
harmonic tritium heating focused on preparing the use
of this scenario in ITER and demonstrated the
importance of maintaining high plasma purity and
strong energy confinement in order to optimize
absorption and confinement of ICRF-driven ions [61].
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DTE2 and DTE3 fusion energy records were
obtained in trititum-rich target plasmas with D beam
injection and ICRF heating tuned to a central D minority
resonance [8, 62-64]. Detailed comparisons were carried
out between experimental measurements and
predictions from integrated modelling tools such as
JETTO, TRANSP, and the European Transport Solver
(ETS). While the ETS workflow successfully
reproduced the observed fusion power, TRANSP
overpredicted neutron rates, which was attributed to its
neglect of ICRF impacts on thermal deuterium. These
results highlight the importance of improving the
modelling of ICRF effects in D-T plasmas, particularly
with regard to bulk ion heating and its impact on fusion
performance.

The results obtained in the DTE2 and DTE3
campaigns collectively demonstrated that ICRF heating
is a viable and effective component of integrated
scenarios for ITER and beyond. They confirmed the
capabilities of ICRF heating schemes for bulk ion
heating in reactor-relevant conditions.
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Figure 13. Overview of hybrid-scenario type JET pulses with
different ICRF heating schemes: ion temperature from crystal
spectroscopy plotted as a function of total heating power. Data
has been averaged over a one-second period in the high-power
phase. Adapted from [8], with the permission of AIP
Publishing.

5 Conclusions and lessons for future
facilities

Over the past four decades, JET’s ICRF programme has
achieved significant advances in fast ion physics,
current drive, impurity control and D-T plasma
performance. These achievements have established a
robust knowledge base that directly supports the
development of future fusion facilities, such as ITER
and DEMO, thereby reaffirming the essential role of
ICRF heating in reactor-scale plasmas.

ICRF heating played a pivotal role in achieving
record fusion energy yields throughout JET’s D-T
campaigns. It provided effective bulk ion heating and

significantly enhanced fusion output by accelerating
NBI deuterons via second harmonic D damping in
DTE1 and fundamental D damping in DTE2 and DTE3.
These experiments have demonstrated that ICRF
heating can be successfully integrated into high-
performance plasma scenarios to help achieve the high
ion temperatures required for sustained fusion power.

A major strength of the ICRF programme at JET was
its operational flexibility in terms of frequency and
phasing. This enabled a wide range of physics studies
and experimental configurations. This flexibility yielded
several significant findings relevant to future devices.
Firstly, JET demonstrated that ICRF can deliver
localized heating of either bulk ions or electrons, while
also driving plasma rotation and current. This
multifunctionality will be valuable in future devices, and
similar flexibility should be considered in their design.

Furthermore, in reactor-scale plasmas, ICRF heating
may be the only external method capable of
predominantly heating the bulk ions. Since high ion
temperatures are critical for achieving high fusion
power, relying solely on electron heating may be
insufficient. Thus, ICRF should be an integral
component of the heating strategy for future fusion
devices.

JET also revealed the inherent complexity of ICRF
physics, particularly regarding the non-linear and multi-
scale nature of wave-particle interactions. Accurate
modelling is essential for interpreting experiments and
developing a predictive understanding of ICRF
behaviour under conditions relevant to reactors.

JET also confirmed that fast ion confinement is
robust in large plasmas, which provides confidence that
ion cyclotron damping on resonant ions will dominate
over direct electron damping in future devices. This
finding lends further support to the viability of ICRF
heating as a reliable and efficient means of energy
deposition in the ion channel.

In summary, the ICRF programme on JET has made
significant and lasting contributions to fusion science
and technology. Its experimental achievements and
validated physical insights provide proof of concept and
a practical foundation for designing and deploying ICRF
systems in next-step devices, such as ITER and DEMO.
ICREF systems' unique ability to deliver targeted bulk ion
heating, current drive and profile control makes them
indispensable tools for achieving the high-performance
plasmas necessary for sustained fusion energy
production.
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EUROfusion Consortium, funded by the European Union
(EU) via the Euratom Research and Training Programme
(Grant Agreement No 101052200 — EUROfusion), and the
FUSION CODES 111, PID2023-1480380B-100, financed by
MICIU/AEI/10.13039/501100011033 and by FEDER, EU.
Views and opinions expressed are however those of the
author(s) only and do not necessarily reflect those of the
European Union or the European Commission. Neither the
European Union nor the European Commission can be held
responsible for them.
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