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ABSTRACT

This paper summarizes the physical principles behind the novel three-ion scenarios using radio frequency waves in the ion cyclotron range
of frequencies (ICRF). We discuss how to transform mode conversion electron heating into a new flexible ICRF technique for ion cyclotron
heating and fast-ion generation in multi-ion species plasmas. The theoretical section provides practical recipes for selecting the plasma com-
position to realize three-ion ICRF scenarios, including two equivalent possibilities for the choice of resonant absorbers that have been identi-
fied. The theoretical findings have been convincingly confirmed by the proof-of-principle experiments in mixed H-D plasmas on the Alcator
C-Mod and JET tokamaks, using thermal *He and fast D ions from neutral beam injection as resonant absorbers. Since 2018, significant pro-
gress has been made on the ASDEX Upgrade and JET tokamaks in H-*He and H-D plasmas, guided by the ITER needs. Furthermore, the
scenario was also successfully applied in JET D-"He plasmas as a technique to generate fusion-born alpha particles and study effects of fast
ions on plasma confinement under ITER-relevant plasma heating conditions. Tuned for the central deposition of ICRF power in a small
region in the plasma core of large devices such as JET, three-ion ICRF scenarios are efficient in generating large populations of passing fast
ions and modifying the g-profile. Recent experimental and modeling developments have expanded the use of three-ion scenarios from dedi-
cated ICREF studies to a flexible tool with a broad range of different applications in fusion research.

© 2021 Author(s). All article content, except where otherwise noted, is licensed under a Creative Commons Attribution (CC BY) license (http://
creativecommons.org/licenses/by/4.0/). https://doi.org/10.1063/5.0021818

I. INTRODUCTION

Strong magnetic fields are used to confine plasmas in fusion devi-
ces. As a result of the Lorentz force, plasma ions and electrons gyrate
around the magnetic field lines with a local characteristic cyclotron fre-
quency w., = gsB/m, where g, and my are the charge and the mass of
the particle and B is the local value of the magnetic field. Note that
ions rotate in the clockwise direction, while electrons rotate counter-
clockwise, when viewed in the direction opposite to the magnetic field.
For typical magnetic fields in present-day and future tokamaks, the
ion cyclotron frequencies broadly cover the range between ~10 MHz
and ~100 MHz. A system for plasma heating with waves in the ion
cyclotron range of frequencies (ICRF) is under development for ITER,
aiming to deliver 20 MW of heating power in the frequency range
40-55MHz." * In addition to plasma heating, ICRF systems have a
broad range of additional applications, as discussed in recent
overviews.”*

ICRF heating relies on the excitation of fast magnetosonic waves
that can be absorbed by both ions and electrons via a large number of
collisionless absorption mechanisms in the plasma.” '’ A necessary
condition for fundamental ion cyclotron (n = 1) and harmonic damp-
ing (n=2, 3, ...) is the local match between the Doppler-shifted wave
frequency and the ion cyclotron frequency or harmonics

w:nwd—Q—kHVHAi(n: 1,2, 3, ) (1)

Here, o = 2nf with f being the frequency of the launched radio fre-
quency (RF) waves; k|| and v|; are the wavenumber and ion velocity
parallel to the confining magnetic field; and # is the cyclotron har-
monic number. In turn, Eq. (1) determines the parallel velocities for
resonant ions

Vi = (0 —

nawe)/kj- 2)

For thermal ions with low A this condition can be fulfilled close to
the ion cyclotron resonance layers, where w ~ nw,. Note that the
physics of ICRF heating is very rich and extends beyond ion cyclotron

interactions only. In particular, fast waves can also be absorbed directly
by electrons or undergo a transformation to shorter wavelength modes
via mode conversion.'"*'”

The RF electric field of the propagating fast waves can be written
as the sum of a left-hand, E (rotating in the direction of the ions) and
a right-hand, E_ (rotating in the direction of the electrons) polarized
component.”” Efficient ion cyclotron damping for thermal and moder-
ately energetic ions occurs when Eq. (1) is satisfied in a region with a
high |E.|.” To a large extent, the plasma composition determines the
spatial distribution of the ratio E,/E_ in the plasma volume and thus
is a crucial parameter to optimize the ICRF heating efficiency.

Out of all existing ICRF heating scenarios, minority heating is the
most routinely used in fusion research. In its simplest version, this
heating scenario is realized in two-ion species plasmas with different
charge-to-mass ratios, where the concentration of one of the ion spe-
cies (minority) is much lower than that of the other one. Minority ions
absorb RF power close to their cyclotron resonance, ® X g mino
(n=1). In its purest form, minority heating is obtained at a negligible
minority concentration that is low enough such that it does not affect
the wave propagation characteristics.”” In practice, minority heating is
applied at higher minority concentrations, X,ino = fmino/He (here,
fmino 1 the minority density and 7, is the electron density), typically
from a few % to ~10%. This is not only due to a higher density of
resonant ions, but also because of the appearance of the so-called
ion-ion hybrid (IIH) layer."* The E, component is locally enhanced
at this layer (see Sec. I1), facilitating RF power absorption by minority
ions.

The radial position of the ITH layer in the plasma depends on the
plasma composition.'” As the concentration of minority ions
increases, the ITH layer shifts further away from the minority cyclotron
resonance toward the cyclotron resonance of the other ion species.
Eventually, the distance to the ITH layer gets too large for both plasma
ion species and they can no longer resonate at the region with an
enhanced |E,|. Under these conditions, ICRF heating via mode con-
version becomes dominant, where launched RF fast waves undergo a
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transformation into shorter wavelength modes, mostly used (but not
only) for local electron heating and plasma flow generation.' ">

However, there is an elegant solution to transform mode conver-
sion electron heating back into ion cyclotron heating under these con-
ditions. This can be achieved by adding a new degree of freedom to
the system and extending the plasma composition beyond two thermal
ion species by providing an additional (“third”) ion population.'” >’
Obviously, a proper choice for the plasma composition is required
such that the third resonant ion population satisfies the wave—particle
interaction condition, Eq. (1) in the vicinity of a layer with a large |E. |
in such multi-ion species plasmas. In fact, as demonstrated in Sec. II,
there are two equivalent possibilities for the choice of the third reso-
nant ion population: (a) an ion population with an intermediate
charge-to-mass ratio''® and (b) a fast-ion population with sufficiently
large parallel velocities such that they resonate at the ITH layer because
of their large Doppler shift.'”*’ In the latter case, the charge-to-mass
ratio of the resonant absorbers can be the same as for one of the main
plasma ions. Thus, in its simplest form, such an ion cyclotron heating
scenario can be realized in a plasma composed of at least two ion pop-
ulations with different charge-to-mass ratios and another population
with either a third charge-to-mass ratio or a significantly different
parallel velocity; hence, it is called the three-ion ICRF scenario.

In hindsight, this sounds like a trivial idea. In fact, as illustrated
in this paper, three-ion scenarios were already effectively at work in
D-T, D->He, and H-D plasmas on TFTR, JET, and ASDEX Upgrade
(AUG) (see Sec. I'V and references therein). Remarkably, while all the
essential elements were recognized by the authors, including the effect
of intrinsic and extrinsic impurities on the spatial distribution of |E. |
and ICRF characteristics,”' the flexibility and tunability of these RF
scenarios was apparently not realized as such. These scenarios rely on
an active control of the |E | RF electric field in the plasma by selecting
the plasma mix such that the third ion population resonates in the
vicinity of one of the ITH layers. The intentional use of three-ion ICRF
scenarios only started a few years ago and highlighted their strong
potential and wide range of applications for fusion research beyond
plasma heating (see Secs. 11, I1I, and V).

The simplicity of the name should not confuse the reader: noth-
ing prevents applying this ICRF scenario in plasmas with more than
three ion populations. In fact, the name of this novel ICRF scenario
provides an umbrella for a large variety of options possible in multi-
ion species plasmas to transform mode conversion electron heating
into a flexible ion cyclotron heating scenario. Note that three-ion
ICRF scenarios rely on the fundamental (n=1) ion cyclotron
damping. As for any other n =1 ICRF scenario, the achieved fast-ion
energies can be controlled by a number of actuators, including
absorbed RF power per resonant ion, plasma density, electron temper-
ature, etc.”” This, in turn, allows to control whether collisional electron
or bulk ion heating dominates as a result of the slowing-down of the
resonant jons.

For a given plasma density, electron heating can be maximized by
reducing the number of resonant absorbers and depositing the
RF power in the central regions of the plasma. On the other hand,
selecting heavier ions and moderating fast-ion energies is beneficial for
maximizing collisional bulk ion heating. All this is a consequence of the
physics of Coulomb collisions in a plasma, but realizing efficient RF
power absorption by heavy ions is not that straightforward. Three-ion
ICREF scenarios are particularly suited for this task, as they allow one to
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channel RF power to, e.g,, *Be impurities in D-T plasmas, with promis-
ing applications for ITER and JET with the ITER-like wall (JET-ILW)
discussed below.

The examples presented in this paper show that for almost any
plasma mix of interest, a suitable three-ion ICRF scenario can be
designed for a specific application. The experimental studies carried
out so far have shown that these scenarios allow one to probe impor-
tant aspects of future high-power D-T plasmas. As discussed in the
following chapters, the success of the experiments with three-ion ICRF
scenarios on the tokamaks Alcator C-Mod, JET, and AUG provided
further insights into the plasma effects associated with the presence of
MeV-range ions, a field of study that will become more and more
important in the near future in fusion research.

Applications of three-ion ICRF scenarios are not only limited to
laboratory magnetic confinement plasmas, but also provide further
insight into the mechanisms responsible for the acceleration of the
*He ions in *He-rich solar flares."* These events are characterized by
an enormous enrichment of the rare isotope *He (by a factor of ~10%
above the solar wind or coronal abundances.””” Various models have
been proposed to explain the anomalous abundance of highly ener-
getic “He ions. Most of the developed models are based on the ion
cyclotron resonance with plasma waves, assumed to be generated by
an electron current, energetic electron beams or via coupling with low-
frequency Alfvén waves.”” Our studies show that if proton plasmas
additionally include “He ions at the level of n(*He)/n. ~ 10%-15%,
the ion cyclotron absorption by a small number of *He ions can be
strongly increased."®

The paper is organized as follows. In Sec. II, we discuss the theo-
retical background and provide practical recipes for selecting the
plasma composition and resonant absorbers. This is followed by a
summary of the main results from proof-of-principle experiments in
H-D plasmas in JET and Alcator C-Mod. Section III summarizes
recent progress with extended applications of these novel scenarios in
H-D, H-*He, and D-"He plasmas on AUG and JET. The insights
gained over the last few years also provide a common framework to
explain puzzling results in some past fast-ion ICRF experiments in
D-°He and D-T plasmas in JET and TFTR, discussed in Sec. IV.
Section V follows with an overview of promising applications in fusion
research, including D-T and nonactive plasmas in ITER. Summary
and conclusions are presented in Sec. V1.

Il. PROOF-OF-PRINCIPLE EXPERIMENTS IN H-D
PLASMAS USING THERMAL *HE AND FAST D-NBI IONS
AS RESONANT ABSORBERS IN THE PLASMA CORE

A. Transforming mode conversion electron heating
into a flexible ion cyclotron heating scenario in multi-
ion species plasmas: Theoretical background

A basic understanding of fast wave (FW) propagation character-
istics in multi-ion species plasmas can be obtained from the cold-
plasma dispersion relation, defining the perpendicular FW refractive
index (with respect to the confining magnetic field)

(e — nf) (e — n})

2 ~
n’ ,FW ~ .
€5 — T’lH

(©)

Here, ¢, €1, and eg are the plasma dielectric tensor components in the
notation of Stix'” (involving the contributions of the electrons and all
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ion species in the plasma) and n) = ck)/w is the parallel refractive
index. As discussed in Ref. 9, the ion cyclotron absorption and the fast

wave Poynting flux are proportional to P o< |E.|* and
S| xng \E},|2, respectively (E, is the poloidal RF electric field compo-

2 2
R R
2
Il

rate Py /S is enhanced in regions where the conditions ¢, = nﬁ and

nent). Because } E—* ‘ ~ , the local damping

es—n

Bl
and}Ey ~

5L—nﬁ

€ = nﬁ are satisfied.

A plasma with N ion species with a different charge-to-mass
ratios has N — 1 successive pairs of ion cyclotron resonances. Between
every such pair of cyclotron resonances, there exists a solution for the
equation es(ws) = nj and e (1) = nf, defining the cold-plasma fast
wave resonance and the left-hand cutollf, respectively. Throughout the
paper, we adopt the notations “ITH resonance””* and “ITH cutoff” for
the corresponding FW resonance and left-hand cutoff, and use
the term “ITH layer” to loosely refer to the region with the enhanced
E, and wave damping around this cutoff-resonance pair. Note that
hot-plasma effects impact the FW dispersion, in particular, by
bending the FW resonance into a confluence with a kinetic mode. Yet,
the cold-plasma approximation is still rather accurate to determine the
position of the ITH layers in multi-ion species plasmas.

For example, in two-ion species plasmas and for low k|, the ITH
cutoff and resonance frequencies are given by”

2 2 2 2
W W + W 0
Wy =\ ———a— (4
W1+ Opy

where w;,; and oy, are the plasma frequencies for the two ion species.
For these plasmas Z; X; + Z, X, = 1, and the equation for the ITH cut-
off frequency can be simplified further to w; = Z; X; e, + Z, X, o).
Here, Z; and Z, are the charge numbers and X; and X, are the ion
concentrations. It is immediately clear that the position of the ITH cut-
off can be controlled by varying the plasma composition and that @y,
is located in between w.; and w.,. An expression with similar charac-
teristics can be derived for cs. For the more general case with N
plasma ion species with a different charge-to-mass ratio, the exact
plasma composition has to be taken into account to calculate the loca-
tions of the N — 1 IIH layers (not necessarily all located in the
plasma).

At sufficiently large concentrations of the minority ion species,
the distance between the ITH layer and the minority cyclotron reso-
nance becomes too large such that minority ions can no longer reso-
nate in the vicinity of the region with enhanced |E,| and electron
heating via mode conversion is usually realized.'”'” By extending the
plasma composition, three-ion ICRF scenarios offer a method to trans-
form local electron heating via mode conversion into an effective tech-
nique for ion cyclotron heating in multi-ion species plasmas with a
range of applications, as discussed in this paper.

In what follows, we use Z; and A; for the charge number and
the atomic mass of ion species i, with indices “1” and “2” for the
nonresonant main ions such that (Z/A), < (Z/A), (i.e., ion species #1
has a larger cyclotron frequency than #2) and index “3” for the reso-
nant absorber population. We also use X; = n;/n, as the notation for
the ion concentrations, where 7, is the electron density. As resonant
absorbers, a third ion population with a (Z/A) value “sandwiched”
between that of the two nonresonant ions, (Z/A), < (Z/A); < (Z/A),

2 2 2 2
Wy g F W
Wy, = 2 2 9
W1 Wea + W Dy
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was proposed in the original theoretical formulation of this ICRF sce-
nario. As discussed in Refs. 17 and 18 and as follows from Eq. (4), effi-
cient ion cyclotron absorption by the third ion population at very
small concentrations is maximized at

c o LZ/A) - (2/A)y (. 1 (Z2/A), — (Z/A),

VS 2/A), A, T n ), —za), O

In this case, concentrations of resonant absorbers as low as a few 9,
are sufficient to absorb nearly all launched RF power, allowing to max-
imize the absorbed RF power per resonant ion and, thus, the efficiency
of fast-ion generation. This operational space is not readily available
for the commonly used minority scenarios, typically being the most
effective at minority concentrations of a few %. Note that plasma heat-
ing with three-ion ICRF scenarios at larger concentrations of resonant
ions is equally possible: in this case, plasma mixtures with X; = X
and X, = X are more optimal for fast waves excited from the low
magnetic field side (LFS).”°

Fast ions with the same (Z/A) as one of the main plasma ions
can also be used as resonant absorbers.'”*’ A natural choice for
the realization of the Doppler-shifted version of the three-ion

Alcator C-Mod: (3He)-D and three-ion D-(3He)-H scenarios
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FIG. 1. Proof-of-principle demonstration of the high efficiency of the three-ion
ICRF scenario for plasma heating on Alcator C-Mod (7.8T/1.2MA,
Neo ~ 2-3 x 10% m=3). The panels from top to bottom show the ICRF power, the
central electron temperature, and the plasma stored energy. The figure compares
the performance of ICRF heating for the threesion D-(He)-H scenario
(#1160901009, X[*He] ~0.5%, solid lines) and the °He minority scenario in
D plasma (#1160823003, X[*He] ~5%~7%, dotted lines). Reprinted with stylistic
modifications with permission of Springer Nature from Kazakov et al., Nat. Phys.
13, 973 (2017). Copyright 2017 EURATOM.
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ICRF scenario are fast ions injected by neutral beam injection
(NBI). Note that the same physics applies to energetic ions that are
products of fusion reactions, as, e.g., fusion-born alpha particles.
Absorption of ICRF power by highly energetic alpha particles in
D-T plasmas is commonly considered as a parasitic effect to be
avoided, but it has a potential to be used to advantage, as discussed
in Sec. V D.

For simplicity, we consider plasmas where the resonant fast
ions have the same charge-to-mass ratio as ion species #2 accord-
ing to the adopted definitions, i.e., (Z/A), < (Z/A),. In this case,
the ITH layer is located in the low magnetic field side direction
with respect to the cyclotron resonance of ion species #2. This
implies that fast ions with a positive Doppler shift (kv >0) are
required to resonate at this layer. Efficient RF power absorption by
fast ions is realized in plasmas with a composition given by
X; = Xj and X, = X7, where

o LZ/A) = Z/2),/(1 = p)

L2, -, ©
P4 (2/A), — (Z/A)1—p

Here, p = SRM) /Rabs> R

st .bs 18 the intended radial location for RF

)
Morl) e .
power absorption (for core heating R~ Ry), be:;ax) R

the Doppler-shift distance for fast ions with maximum parallel
velocities, and n,, is the fast wave toroidal mode number,
ki = (Bior/B) (11¢or/R). The factor By,,/B in these expressions ensures the
proper sign for k| and ORgg along the magnetic field, regardless the
choice for the orientation of the toroidal angle. Using the formal
substitution

(2/A); = (Z2/A),/(1 —p), ?)

one easily finds the equivalence of Egs. (5) and (6). This equivalence
further highlights the main idea behind three-ion ICRF scenarios:
extending the plasma composition beyond two ion species to include
an additional population of ions capable to satisfy the resonance con-
dition, Eq. (1) at the location of the ITH layer.

One can easily derive similar formulas when the resonant
fast ions have the same charge-to-mass ratio as ion species #1,
i.e.,, those with (Z/A); > (Z/A),. Then, the IIH layer is located
toward the high magnetic field side (HES) direction with respect
to the cyclotron resonance of ion species #1 and fast ions with a
negative Doppler shift (kv; <0) are required to resonate at this
layer.

We also introduce the following notation for three-ion ICRF sce-
narios: Y,—(Y3)-Y,, where the resonant absorbers Y; are indicated
between the round brackets, and Y, and Y, are the nonresonant ions
ordered according to their (Z/A) value (0o, < ). For example, the
notations D-(*He)-H and D—(Dyg;)-H stand for three-ion ICRF sce-
narios in mixed H-D plasmas, using *He and D-NBI ions as resonant
absorbers, respectively.

B. Proof-of-principle experiments with resonant *He
ions in mixed H-D plasmas on Alcator C-Mod and JET

Mixed H-D plasmas with *He ions as resonant absorbers (with
their unique (Z/A)=2/3) were chosen for the proof-of-principle
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demonstration of these novel ICRF scenarios on the Alcator C-Mod
and JET tokamaks. As reported in Ref. 18, the experimental studies on
Alcator C-Mod were performed at a very high toroidal magnetic field
By =7.8T, plasma current I, = 1.2 MA and high central electron den-
sities 11e9=22-3 x 10%° m . 4-5 MW of ICRF power was delivered
into this plasma at RF frequencies f= 78.0-80.0 MHz for the core *He
heating. Figure 1 shows the time evolution of the ICRF power, central
electron temperature Teo, and plasma stored energy W, for a pulse
with the *He minority scenario in a D plasma (X[3He] 5%-7%,
black dotted lines), and a pulse with the three-ion D-(*He)-H scenario
in a H-D plasma (X[*He] ~ 0.5%, red solid lines). The high efficiency
of the three-ion ICRF scenario for plasma heating is clearly seen by
comparing the time traces for T and the plasma stored energy at the
same RF power, Picrg =4 MW. The novel ICRF scenario was also
effective in generating highly energetic *He ions in the plasma, as
testified by an increased sawtooth period (the presence of fast ions is
well known to have a stabilizing effect on sawteeth®”) and the excita-
tion of Alfvén eigenmodes (AEs)."®

The high efficiency of this novel ICRF scenario was indepen-
dently confirmed on the world-largest tokamak currently in operation,
JET (Ro~ 3 m, a~ 1 m). Due to its larger size and higher plasma cur-
rent, multi-MeV >He ions are well confined in JET and, thus, effective
plasma heating was achieved at even lower *He concentrations than
in Alcator C-Mod. Figure 2(a) shows an overview of JET pulse
#90758 (3.2'T/2 MA, ng=4 x 10" m™>, f=32.2-33.0 MHz), where
n(*He)/n.~0.2% was successfully controlled by the *He real-time
control system (RTC), measuring its concentration at the plasma
edge.'”*" Multi-MeV range *He ions were generated in those experi-
ments, as confirmed by a suite of fast-ion diagnostics at JET, including
gamma-ray spectroscopy.” Similar to Alcator C-Mod results,
long-period sawteeth and *He-driven tornado toroidicity-induced AE
(TAE) modes™ were observed in JET experiments.

Figure 2(b) illustrates that the three-ion ICRF scenario is also effi-
cient for plasma heating at higher *He concentrations (#90756). At the
start of this pulse, the *He concentration was kept at a very low level
~0.2% by the *He RTC system. The measured T, and T; profiles high-
light that not only electrons, but also bulk ions were effectively heated
[not shown here; see Fig. 3(b) in Ref. 31]. As the concentration of *He
ions was gradually increased to ~1.5%, efficient plasma heating
continued to be observed, demonstrating the robustness of the heating
scenario to variations in n(*He)/n, within this range and to inherent
uncertainties with measuring the *He concentration in the core
regions of the plasma. Although JET has a limited experience with the
application of this scenario at *He minority concentrations of ~1%,
these first results are encouraging.

JET also demonstrated effective plasma heating with this novel
scenario, when NBI was not available and the plasma was heated by
ICRF only. A clear illustration is shown in Ref. 32, where JET pulse
#91304 (3.1 T/1.8 MA, Picrg~ 4.4 MW, +7/2 phasing) and the corre-
sponding fast-ion observations are discussed in detail. In that pulse, not
only tornado TAEs, but also ellipticity-induced AE (EAEs) were excited
by multi-MeV *He ions generated with the three-ion ICRF scenario.

C. Proof-of-principle experiments with resonant fast
D-NBI ions in mixed H-D plasmas on JET

In the summer of 2016, we also designed and conducted dedi-
cated experiments in mixed H-D plasmas in JET to demonstrate the
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FIG. 2. Overview of JET pulses #90758 (a) and #90756 (b), in which the three-ion D—(*He)-H scenario was applied to generate fast *He ions and for plasma heating
(32T/2 MA, neg~4 x 10" m™3, f=32.2-33.0 MHz, and +n/2 ICRF antenna phasing). As seen from the figure, efficient heating of the background mixed H-D plasma was
observed both at very low *He minority concentrations, n(®He)/n, = 0.2% and at higher *He concentrations, up to ~1.5%.
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FIG. 3. (a) Overview of JET pulse #91256 (2.9 T/2 MA, neo ~4 x 10" m~3, f= 25.0-25.6 MHz, dipole phasing), in which the three-ion D—(Dyg;)-H scenario was successfully
applied for plasma heating and generation of energetic D ions in the core of mixed H-D plasmas. (b) Overview of JET pulse #31207 (3.25 T/2 MA, f= 29 MHz, dipole phasing),
in which the three-ion scenario was attempted, but not successful. Similar to the conditions for pulse #91256, the Doppler-shifted resonance for fast D-NBI ions was located in
the plasma core, but there was a mismatch with the position of the IIH layer because of the higher D/(H + D).
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FIG. 4. The computed TRANSP/TORIC distribution function of fast D ions for the
conditions of JET pulse #91256: NBl-only heating (dashed line) vs three-ion
D-(Dngi)-H ICRF + NBI scenario (solid line).

efficiency of the three-ion D—(Dyg)-H ICRF 4 NBI scenario.'”*’ In
this case, the radial location of the ITH layer is actively controlled by
properly selecting the concentrations of the H and D ions, while the
role of NBI system is to provide resonant absorbers at the IIH layer.
Thus, the (Z/A) value of the resonant NBI ions can be the same as for
the main plasma ions. In these proof-of-principle JET experiments, a
combination of D-NBI (Exp; &~ 100 keV, tangential injectors with pitch
) =v)/va 0.62), and ICRF heating (f=25.0-25.6 MHz, dipole
phasing) was applied. Figure 3(a) shows an overview of JET pulse
#91256 (2.9 T/2 MA, 1= 4 x 10" m™ controlled by the gas fueling
feedback system), which is an illustrative example of what can be
achieved. Following our theoretical calculations, see Eq. (6), the plasma
composition (X[H] = 85%-90%, X[D]~ 10%-15%) and operational
settings were purposely chosen to locate the cyclotron resonance of
thermal D ions HFS off-axis, while positioning the IIH layer in the
plasma core. As shown in Fig. 3(a), a strong increase in T,y and neu-
tron rate was achieved in the combined ICRF + NBI phases. In this
pulse, the maximum neutron rate (enhanced by a factor of ~10-15
with respect to the phase with NBI-only) was achieved in the phase
with Pnpp~ 3.5 MW and Pjcgp = 2.5 MW, when the isotopic ratio
D/(H + D) was ~0.10.

This pulse has been extensively modeled with the PION" and
TRANSP/TORIC codes,”"”” which compute the time-evolution of
ICRF power absorption and the distribution functions of the resonant
ions, as reported in Refs. 36 and 37. The observed neutron rate
enhancement cannot be explained by the increase in T, alone. Indeed,
the simulations show an increase in the neutron rate by a factor of
~1.5-2 only, when the increase in plasma temperature is included in
the simulations, but the ICRF 4 NBI synergies are excluded. Figure 4
shows the distribution function of fast D ions in the core of JET
plasmas in the phase of pulse #91256 with 3.5 MW of NBI and
2.5MW of ICRF, computed by TRANSP/TORIC including the ICRF
-+ NBI synergies. The figure clearly illustrates the formation of
high-energy D ions with energies up to ~1.5 MeV, well above the NBI
injection energy (Enpr= 100keV). The computed TRANSP/TORIC
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FIG. 5. Didactic illustration of the principle behind three-ion ICRF + NBI scenarios.
In JET pulse #91255, high-energy D ions were effectively generated, when the NBI
system provided resonant absorbers at the IIH layer, as seen from the time traces
for the neutron rate and Teo. When the resonant absorbers were not supplied by
the NBI, the three-ion D—(Dyg))-H ICRF scenario was converted back to electron
heating via mode conversion in the H-D plasma. For comparison, the left panel
shows the phase with D-NBI heating only in the beginning of the discharge.

distribution function of energetic D ions was validated against a range
of JET fast-ion diagnostics, including the total neutron rate, the
time-of-flight neutron spectrometer TOFOR, the spatial neutron emis-
sion profile, and the neutral particle analyzer (NPA) measurements.’”

In fact, pulse #91256 had two combined ICRF + NBI phases with
the same total auxiliary heating power (P, ~ 6.0-6.2MW), but
different ratio Picrp/Pnpr ~ 0.7 and 0.3. Substantially lower neutron rates
were obtained in the phase at lower ICRF power. PION modeling
managed to reproduce the complex evolution of the neutron rate during
the pulse at different NBI and ICRF powers.” In particular, the PION
simulations highlighted that the ratio Picrg/Pnpr (at the total auxiliary
heating power) is a strong actuator to control the fast-ion distributions
generated by three-ion ICRF + NBI scenarios. The possibility to tailor
the fast-ion energy distributions from moderately high (~a few hundred
keV) to very high (~1 MeV and higher) is one of the advantages of these
novel scenarios. This feature is particularly relevant for studies in D—He
and D-T plasmas by maximizing fast-ion populations at moderate ener-
gies where the corresponding fusion reactivities have a maximum.'”

For comparison, we also show the performance of JET pulse
#91207 (3.25T/2 MA, f= 29 MHz) with the same radial arrangements
for the ion cyclotron resonances as in pulse #91256. In both pulses, the
cyclotron resonance of thermal D ions was located HFS off-axis
[wp(0)/w ~0.85-0.88] and the Doppler-shifted resonance of fast
D-NBI ions was in the plasma core. Nevertheless, the results of JET
pulse #91207 were quite disappointing—much lower T,y and neutron
rate—as seen in Fig. 3(b). In this pulse, the synergetic effects are only
visible at the very beginning of the combined ICRF + NBI phase
when D/(H + D) /2 0.11-0.14. The neutron rate and T, very quickly
drop with increasing D/(H+ D)~ 0.15-0.20 as a consequence of a
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further radial shift of the ITH layer. Under these conditions, the NBI
system did not provide resonant absorbers at the position of the ITH
layer.

Another illustration of the importance to satisfy both conditions
simultaneously is demonstrated in Fig. 5. In pulse #91255 (2.9 T/2 MA,
f=125.0-25.6 MHz, dipole phasing), the isotopic ratio was nearly
constant D/(H + D) = 0.10 such that the radial position of the ITH
layer remained fixed in the plasma during the pulse. The pulse was
first heated with D-NBI only (t=8.0-8.6 s), leading to a relatively
small increase in the neutron rate, as shown on the left panel of Fig.
5. In a later phase of the pulse, the plasma was heated with ~3 MW
of ICRF power only, showing an even lower neutron rate as com-
pared to the NBI-only phase. Only when ICRF and NBI were
applied simultaneously, high-energy D ions were effectively gener-
ated, leading to a strong increase in the neutron rate, Ty and saw-
tooth stabilization. When NBI was again switched off at t=13.4s,
the three-ion D—(Dygp)-H ICRF scenario lacked resonant absorbers
at the ITH layer and, as a result, electron heating via mode conver-
sion in a H-D plasma was recovered. In short, the following
sequence of ICRF heating scenarios was realized in JET pulse
#91255: mode conversion — ion cyclotron heating of D-NBI ions
with the three-ion D-(Dygp)-H scenario — mode conversion. This
example highlights how by cleverly combining several effects that
are individually well-known, one can realize a new very efficient
ICRF scenario for ion cyclotron heating and fast-ion generation in
mixed plasmas.

I1l. RECENT PROGRESS WITH APPLICATIONS
OF THREE-ION ICRF SCENARIOS

In this section, we present an overview of new experimental
results obtained after receiving the Landau-Spitzer Award in 2018.
Significant progress has been obtained since then on JET and AUG,
expanding the use of the scenarios from ICRF-dedicated studies to a
flexible tool with a broad range of different applications in fusion
research. Much of these recent developments were guided by the
updated ITER Research Plan within the Staged Approach (2018).”
This document reflects the ITER strategy for physics and technology
research for both the Pre-Fusion Power Operation (PFPO) and the
Fusion Power Operation (FPO) phases. Various three-ion ICRF scenar-
ios were explicitly included in the document as they hold promises for
both PFPO and the FPO phases of ITER.

As shown in this section, three-ion ICRF scenarios have become
an important tool for the following physics topics:

* Generation of fusion-born alpha particles in D-*He plasmas in
view of the validation of JET-ILW diagnostics for alpha particle
measurements in preparation for future D-T studies.

* Investigation of fast-ion driven MHD instabilities on plasma
confinement.

* Contribute to a further understanding of the impact of fast ions
on microturbulence under ITER-relevant conditions with domi-
nant fast-ion electron heating.

* Development of an off-axis heating scenario for L- to H-mode tran-
sition studies in H-D and H-*He plasmas, in view of widening the
H-mode operational space in the PFPO phase of ITER.

scitation.org/journal/php

A. Demonstration of the D-(Dng))-"He scenario in D->He
plasmas on JET

Following the success with the three-ion ICRF scenario to
accelerate D-NBI ions in mixed H-D plasmas (see Sec. II C), the
effectiveness of accelerating D-NBI ions was also demonstrated in
D->He plasmas on JET.””” The experimental conditions
(Bo~3.7T, I,=2.5MA, n,~6x10" m >, f=32.2-33.0 MHz,
dipole phasing) were chosen such that the cyclotron resonances
for thermal D and *He ions were located at the HFS and LFS off-
axis, respectively (see Fig. 6). In these experiments, large concen-
trations of *He ions were used, n(*He)/n. ~20%-25% to pur-
posely position the ITH layer in the plasma core. Similar to
pulse #91256, tangential NBI injectors with Eyp;~ 100 keV were
used to provide resonant absorbers at the IIH layer to absorb
locally RF power. In this way, deuterons from the NBI system
were accelerated to higher energies with ICRF in the plasma core,
which leads to the generation of alpha particles from D->He fusion
reactions

D (fast) +*He —*He (3.6 MeV) + p(14.7 MeV). 8)

In a similar way, alphas were produced in earlier fast-ion experiments
on JET with third harmonic ICRF acceleration of D-NBI ions in
D-’He plasmas.”’ While in both fast-ion experiments *He ions were
the target for the D + *He fusion reactions, in the experiments

2.0

3.7T/2.5MA

15

101

0.5

heating

0.0

Z (meters)
HFS off-axis
Core ICRF
LFS off-axis

15

2j0 2?5 3.’0 3j5 4j0
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FIG. 6. The poloidal cross section of the JET tokamak with the off-axis location of
the fon cyclotron resonances for thermal D and *He ions for three-ion ICRF experi-

ments in D-He plasmas (3.7 T/2.5 MA, neo~6 x 10" m~3, f=232.2-33.0 MHz,
dipole phasing, Eng ~ 100 keV).
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FIG. 7. Overview of JET pulses in mixed D-*He plasmas (3.7 T/2.5 MA, neo~6 x 10'° m=3, n®He)/ns ~ 20%—25%): (a) #94701, (b) #94704, and (c) #95683. In pulse
#94704, NBI-only heating was applied in steps from 11.8 MW to 17.3 MW. In pulses #94701 and #95683, the three-ion D-(Dyg)->He scenario was applied with Picre = 6 MW

(dipole phasing) and Pygj ~ 8 MW and Pyg, ~ 18.5 MW, respectively.

described here, the *He ions also played an active role for ICRF heating
by defining the radial position of the IIH layer and thus the localiza-
tion of the source of fast ions.

Guided by PION modeling results,” the fast-ion distribution of
RF-accelerated D-NBI ions in these experiments was controlled by
varying the ICRF and NBI power and their ratio Picrg/Pupr
(Prcre ~ 4-6 MW, Py~ 3-20 MW). With as little as Pgp~ 6 MW
and Pypp = 7-11 MW, rather high D-D neutron (~1 x 10'° s7!) and
D-’He alpha rates (~2 x 10'® s™') were achieved, corresponding
together to ~60-70 kW of fusion power.

Figure 7(a) gives an overview of JET pulse #94701, in which
~8 MW of NBI was applied in combination with ICRF in steps from
~4 MW to ~6 MW. The panels from top to bottom illustrate Pyp;
and Picpp, the line-integrated central density, the central electron tem-
perature, the neutron rate, and the plasma stored energy. The neutron
rate increased from ~7 x 10" s' in the NBI-only phase to
~3.7x 10" s~ in the first ICRF + NBI phase with 4 MW of ICRE.
Topping up ICRF power with 2MW from the ITER-like antenna
(ILA), monster sawteeth appeared, accompanied by a gradual increase
in the neutron rate up to ~9.4 x 10" s, Such a strong enhancement
of the neutron rate in the ICRF + NBI phase results from the presence
of a large population of energetic D ions, further evidenced by the
neutron spectrometer and NPA measurements.

We also show an overview of two other JET pulses in D-*He
plasmas at similar operational conditions, but different NBI and
ICRF power. Figure 7(b) illustrates pulse #94704, in which NBI-only
heating was applied in steps from ~11.8 MW to ~17.3 MW.
Figure 7(c) shows the time traces for pulse #95683, in which the
three-ion D-(Dyg)->He scenario was applied, but at much higher
NBI power, Pyp; ~18.5 MW.

We first start the comparison between pulses #94701 and #94704
at the same total auxiliary heating power P, ~ 14 MW. The main
difference between the two pulses is the heating source. Dominant
ion heating was provided with NBI-only in pulse #94704. Conversely,

dominant electron heating was obtained in pulse #94701 by
accelerating fast ions to energies well above the critical energy
(Ecrie~300keV) using the three-ion ICRF scenario (Pypr~ 8 MW,
Picrr~ 6 MW). Among others, this is evidenced by the neutron

#94701

Frequency (kHz)
g

200

100

Time, #(s)

FIG. 8. A large variety of fast-ion driven AEs are regularly observed at JET, when
applying three-ion ICRF scenarios to maximize core plasma heating and fast-ion
generation. As an example, we show the MHD spectrogram for JET pulse #94701,
in which the three-ion D-(Dygy)-"He scenario was applied and reversed-shear
Alfvén eigenmodes (RSAEs), TAEs, and EAEs were observed. The vertical dashed
lines indicate the timing of the sawtooth crashes.
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time-of-flight spectrometer TOFOR, showing the presence of D ions
with tail energies up to ~2-2.5 MeV."" Furthermore, a rich variety of
Alfvénic eigenmodes (AEs) was driven by the energetic ions in
#94701, see Fig. 8. In contrast, no fast-ion driven AEs were observed
in #94704.

The comparison of the radial T, and T; profiles for these two pulses
is shown in Fig. 9. The electron temperature profile was measured by the
electron cyclotron emission diagnostic and the ion temperature profile by
charge exchange recombination spectroscopy (CXRS) based on neon
impurities, which were injected on purpose for T; measurements. The
stronger T, peaking, the much higher T and neutron rate in pulse
#94701, as compared to #94704, are easily understood by the presence of
high-energy D ijons. Interestingly, very similar ion temperatures were
reached in these two pulses, despite the substantial difference in the ion/
electron heating sources. The comparison of the measured T, and T; pro-
files and the plasma stored energy [cf. Figs. 7(a) and 7(b)] hints at better
plasma confinement in pulse #94701. Characterized by a large fraction of
energetic ions in the plasma core, the heating conditions in #94701
approach those expected in burning plasmas of ITER with alpha particles.
Despite dominant fast-ion electron heating in #94701, T; =~ T, was
observed, which is very promising in view of ITER. This experimental
observation is supported by the detailed gyrokinetic analysis of #94701
with the GENE code,” showing that the ion-temperature-gradient (ITG)
driven turbulence was suppressed in the presence of MeV ions and fully
destabilized TAEs, see Ref. 41. The application of three-ion ICRF scenar-
ios as a tool for turbulence studies, in particular, to study the complex
interplay between microturbulence, fast ions, and MHD modes, is further
outlined in Sec. V A.

Next, we compare pulses #94701 and #95683 with a similar ICRF
power (Picrr ~ 6 MW), but very different NBI power (Pyp; = 8.1 MW
vs 184 MW). As seen in Figs. 7(a) and 7(c), the achieved neutron
yield, T.(0) and the plasma stored energy are very similar, although
there is a rather significant difference in the total auxiliary heating
power (~14 MW vs ~24 MW). These results underline the decisive
role of ICRF to accelerate ions to high energies and the associated fast-
ion effects on the plasma, including neutron generation.
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FIG. 9. Comparison of T, (a) and T; (b) profiles in JET pulses #94701 and #94704
at the same operational conditions and total auxiliary heating power,
Paux. &~ 14 MW. Reprinted with stylistic modifications with permission from Kazakov
et al., Nucl. Fusion 60, 112013 (2020). Reproduced courtesy of IAEA. Copyright
2020 EURATOM.
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B. Efficient generation of passing fast ions and fast-ion
current drive

Reversed-shear Alfvén eigenmodes (RSAEs)"’ were regularly
observed in this series of fast-ion experiments in D->He plasmas
(3.7 T/2.5 MA) with n(*He)/n. ~ 20%-25% and D-NBI ions as reso-
nant absorbers. RSAEs were particularly pronounced during the
phases with long-period sawteeth, sufficiently long to track the tempo-
ral evolution of the frequency of these modes, starting from the geode-
sic acoustic mode frequency (somewhat below ~100kHz) up to the
TAE frequency (~200kHz). Figure 10 illustrates the excitation of
RSAEs with toroidal mode numbers n=3, n=2 and n=1 in JET
pulse #94701 during the sawtooth cycle t =9.42-11.17 s. To corrobo-
rate this result, we also show the excitation of RSAEs in the other JET
pulse #95667 (Fig. 11) with a constant NBI power Pyp;~ 54 MW
and two levels of ICRF. The sawtooth period extended from
Aty ~0.65 (t=7.83-8.445) at Picrp~ 4.1 MW up to Atg,w=3.5s
(t=28.44-11.945) at Picrp ~ 5.8 MW. The bottom panel clearly illus-
trates the presence of RSAEs in this pulse as well. In particular, a very
strong RSAE mode with # =1 is seen in the Mirnov coil spectrogram.
An interesting observation in #95667 is that the neutron rate is
continuously increasing while the RSAE modes are seen and starts to
decrease after the disappearance of the RSAEs. The regular observa-
tion of RSAEs in these experiments indicates that a nonmonotonic
g-profile was developed and sustained during the application of the
three-ion D-(Dyg;)-"He scenario. Note that no RSAEs were seen in
the heating phases with NBI-only.

In this section, we show that energetic D ions accelerated with
the three-ion ICRF scenario in JET experiments remain co-passing
ions. This is because of the combination of the strong localization of
RF power deposition in the plasma core, nonstandard fast-ion orbit
topology in that region and the quasilinear evolution of the fast ions.
We note that the strong localization of RF power deposition and
strong |E, | in a small volume is a particular feature of three-ion ICRF
scenarios, when they are tuned for maximizing fast-ion generation in
the plasma center of large devices such as JET. This was already shown
for the three-ion D-(Dypy)-H scenario in Fig. 10 of Ref. 20, comparing
the reconstructed neutron emission with the computed spatial
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FIG. 10. Toroidicity-induced and reversed-shear Alfvén eigenmodes (TAEs and
RSAEs) during the monster sawtooth phase in JET pulse #94701.
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JET pulse #95667 (3.7T/2.5MA)
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FIG. 11. Reversed shear Alfvén eigenmodes with n =3 (weak), n=2 and n=1
were observed in JET pulse #95667. The observation of RSAEs indicates that a
nonmonotonic g-profile was developed and sustained when the three-ion
D-(Dna))->He ICRF scenario was applied.
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distribution of the RF electric field |E.|* over the plasma cross section.
This characteristic is further illustrated in Fig. 12(a) for the three-ion
D-(Dngp)-"He scenario (JET pulse #94701), confirming the strong
core localization of ICRF-accelerated fast D ions. The boundary sepa-
rating trapped and passing ions is commonly given by the simplified
expression A, = =+/2r/(Ry +r),"* but this approximation is not
valid here. In fact, as shown in Fig. 12(b), the trapped-passing bound-
ary in the plasma region close to the magnetic axis has a very different
structure (dashed lines) such that virtually all fast ions with v}; > 0 stay
on co-passing orbits, even at high energies. This reasoning applies for
both thermal and fast ions as resonant absorbers, accelerated by three-
ion ICRF scenarios in JET.

To quantify this effect for three-ion ICRF scenarios with fast NBI
ions as resonant absorbers we recall that according to the quasilinear
theory,” *° the cyclotron interaction of resonant ions with RF waves
not only changes the energy of the particles, but also causes a change
of their pitch and a displacement of their orbits. Because of the strong
core localization of the fast-ion generation for centrally tuned three-
ion ICRF scenarios, we ignore the orbit displacement effects and focus
on analyzing how the pitch of the resonant ions changes as they are
accelerated to MeV-range energies with ICRF. Following Refs. 45 and
46, we note that

AA = (A — A)AEJE, )
where E is the kinetic energy, A = uBy/E is the normalized magnetic

moment, A = (1 — 4%)By/B, and A, = ®(0)/w. With these approxi-
mations, one can easily derive from Eq. (9) that
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FIG. 12. (a) Strong core localization of neutron emission in JET pulse #94701. (b) The nonstandard trapped-passing boundary (dashed lines) in the plasma core facilitates the
existence of passing fast ions with v;; >0 in JET experiments. The solid line shows the estimated evolution of the pitch as a function of the fast-ion energy, Eq. (10). Resonant
NBI ions with initial parameters Eq = 100 keV and o = 0.62 remain on co-passing orbits during their RF-acceleration, as they stay spatially close to the magnetic axis.
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with /lio =1 — Aw; 49 and Ej are the initial pitch and energy of reso-
nant ions. Equation (10) provides an estimate for the change in the
pitch of the resonant ions, as they absorb RF power and are accelerated
to higher energies.

In these JET experiments in mixed H-D and D->He plasmas
using D-NBI jons as resonant absorbers,' %" the IIH layer was on
purpose located in the plasma core, in turn, implying that the cyclo-
tron resonance for thermal D ions was positioned at the HES off-axis
(see Fig. 6), Ao, = wp(0)/w =~ 0.85-0.89. Thus, according to Eq. (10),
the asymptotic value of the pitch parameter of the ICRF-accelerated
D ions reaches 4., = 0.34-0.38. The evolution of the pitch-parameter
of resonant ions as given by Eq. (10) is plotted with a red solid line in
Fig. 12(b). The red dotted line shows the extreme (unphysical) case,
where resonant NBI jons would only increase their perpendicular
energy. Even then, the fast ions remain co-passing as a result of the
unusual shape of the trapped-passing boundary in the plasma core.

This result is supported by TRANSP/TORIC simulations for the
D-’He pulse #95679 in JET. Figure 13 shows the computed distribu-
tion function of the fast D ions in the core region of the plasma as a
function of their pitch at Ep =100keV (blue dashed line, multiplied
by a factor of 0.3) and at Ep = 1.4 MeV (red solid line with symbols).
At the NBI injection energy, the population of fast D ions is peaked at
Ao~ 0.62. As follows from Fig. 13, at high energies Ep = 1.4 MeV
most of the ICRF-accelerated D-NBI ions have a pitch in the range
between 0.35 and 0.40. Thus, the analytical values predicted by
Eq. (10) are in good agreement with TRANSP simulations.
Furthermore, this important result is confirmed by gamma-ray mea-
surements, as discussed in more detail in Ref. 39.

At first sight, it might look contradictory to generate significant
RF-driven currents in three-ion ICRF + NBI experiments with a
dipole ICRF antenna phasing, which has a symmetric kj-spectrum.
Usually, asymmetric ICRF antenna spectra are used for localized fast-
ion current drive, e.g., Ref. 47. However, the three-ion ICRF + NBI
scenarios make use of the asymmetry in the v;-distribution of the
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FIG. 13. lllustration of the computed distribution function of fast D ions in the core
region of the plasma as a function of the pitch parameter for Ep = 100keV (blue
dashed line, multiplied by a factor of 0.3) and Ep =1.4MeV (red solid line with
symbols). The computations were done by the TRANSP/TORIC code for the condi-
tions of JET experiments in D-*He plasmas (pulse #95679).
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resonant absorbers (D-NBI ions). Even when using dipole phasing,
this results in preferential acceleration of fast ions in the co-current
direction in JET. The systematic appearance of reversed shear AEs in
these fast-ion experiments indicates that the g-profile in the core
region is modified or even reversed. In addition to fast-ion current
drive, other mechanisms associated with the application of the three-
ion ICRF scenario could contribute here, as discussed in Sec. V B.

C. Toward ITER needs: Development of three-ion ICRF
scenarios with off-axis heating on AUG and JET

Developing techniques to control edge localized modes (ELM)
and reaching the ELMy H-mode are one of the main priorities for the
nonactive ITER phase.”® In hydrogen plasmas at half magnetic field
(2.65T/7.5 MA), reaching the ELMy H-mode may be challenging,
partly due to the lack of an efficient ICRF absorption scenario in such
plasmas.”**”” To bypass this limitation, ITER considers efficient
ICRF scenarios at a toroidal field as close as possible to 2.65 T to reach
the ELMy H-mode in hydrogen dominated plasmas. A possible solu-
tion is discussed in Ref. 51, where it was proposed to apply the three-
ion *He-(*He)-H scenario at the lowest available frequency of the
ITER ICRF system, f=40 MHz in H+ 10%-15% *He plasmas at
By~=3.0-3.3 T. Under these conditions, the cyclotron resonance of
*He ions is located at the HFS off-axis. It is important to demonstrate
plasma heating with this off-axis scenario in present-day machines
with a tungsten divertor such as AUG and JET. If successful, the pro-
posed off-axis three-ion ICRF scenario would enable to provide an
additional 20 MW for plasma heating. In turn, in combination with
33 MW of NBI and 20 MW heating with waves in the electron cyclo-
tron range of frequencies (ECRF), this offers the potential to widen the
H-mode operational space in predominantly hydrogen plasmas in
ITER.

The first exploration of the three-ion ICRF scenario with HES off-
axis *He heating was conducted in H-D plasmas, H/(H 4 D) ~ 0.8 on
AUG (2.5T/0.8 MA; f~ 30 MHz, dipole phasing). AUG has an all-
tungsten (W) first wall and ICRF-specific W production has a strong
influence on the application of high-power ICRF. The improved three-
strap ICRF antennas are optimized to minimize W sputtering, in
this way making ICRF compatible with a high-Z wall in AUG.”*”
Figure 14(a) shows an overview of the heating phase of the AUG pulse
#35206, combining core ECRF (1.35MW) and the three-ion ICRF
scenario with off-axis heating. Adding ~1 MW of ICRF power resulted
in a clear increase in the plasma stored energy and triggering the
ELMy H-mode, seen in the signals for the divertor shunt currents and
increase in the plasma density. Furthermore, the W concentration in
the plasma, including the central region, stayed low cyy < 2 x 10>
(measured by two diagnostics at the radial locations corresponding to
T.~1.5keV and T.~ 3keV). As a next step, all three heating systems
were combined on AUG, as foreseen for ITER, resulting again in good
heating performance and low core W levels. For more details, see the
description of AUG pulse #35207 in Ref. 54.

Very recently, a first attempt with the three-ion D-(*He)-H ICRF
scenario with HFS off-axis *He resonance was undertaken for plasma
heating in H-D plasmas on JET-ILW. Figure 14(b) shows an overview
of JET pulse #97084 (2.4T/2MA, f=32.2-33.0 MHz), heated with
Pypr=8MW (deuterium) and complemented with Pjcpp=3 MW
starting from t=28.0 s. A comparable increase in the plasma stored
energy per MW of auxiliary heating power was observed for NBI and
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FIG. 14. lilustration of off-axis heating using the three-ion ICRF scenario with *He ions as resonant absorbers in mixed H-D plasmas on AUG (left: #35206, 2.5T/0.8 MA,
f= 30 MHz, dipole phasing) and JET-ILW (right: #97084, 2.4 T/2.0 MA, f=32.2-33.0 MHz, dipole phasing), triggering L-H transitions and ELMy H-mode phases.

ICRF. In addition, the relative increase in the total radiated power
before and after the application of ICRF, AP,,4/Picgr is less than 20%
[see the evolution of the total radiated power, P,,4 shown as a dotted
line in the top panel of Fig. 14(b)]. For ITER it is important to demon-
strate the three-ion ICRF scenario at the magnetic field as close as
possible to 2.65T. The conditions of JET pulse #97084 closely mimic
the ITER heating scenario conditions at ~3.0T. This first result is
promising and more studies are foreseen in future experimental cam-
paigns on JET.

In view of ITER needs, the next essential step was the demonstra-
tion of off-axis three-ion ICRF heating in nonactive H-*He plasmas.
This was pioneered with success on AUG in the summer of 2019. The
mix of heating systems on AUG (NBI, ECRF, and ICRF) uniquely
mimics that of ITER. Figure 15 shows an overview of AUG pulse
#36751 (25T/0.8 MA, ng=4 x 10" m ) with a constant hydrogen
NBI, Py npr = 0.8 MW during the pulse. In the first phase of the pulse,
the ECRF power was ramped up to 2.3 MW in order to trigger the L-H
transition. In the second phase of the pulse with constant
Pynpr=08 MW and Pgcrp= 0.8 MW, ICRF power was added and
ramped up to 1.6 MW, again leading to the L-H transition. This
confirms that the mix of hydrogen NBI, ECRF, and ICRF using the
three-ion scenario with off-axis deposition of RF power can also be
applied to trigger ELMs in these ITER-relevant H-*He plasmas.
Furthermore, L-H transitions and ELMy H-mode phases in H-*He plas-
mas were realized with ECRF + ICRF and ICRF-only on AUG. For this
series of AUG experiments with off-axis three-ion ICRF heating, L-H
transitions were generally reached at Py ~ 2-3 MW, which is similar to
earlier observations with hydrogen NBI and ECRF heating in H-*He
plasmas on AUG.” The fact that tungsten levels stayed low in these
ICRF experiments on AUG is encouraging in view of possible applica-
tion of this integrated heating scenario in ITER. Further studies of this

ITER-relevant heating scenario in H-*He and H-D plasmas are foreseen
on AUG.

D. Optimization of fast-ion studies with three-ion ICRF
scenarios on AUG

In AUG, the application of the three-ion ICRF scenario with on-
axis *He resonance at extremely low concentrations, n(He)/n.~ 0.2%
did not show such clear signs of plasma heating as in JET. The reason
for this difference is the reduced confinement of MeV-range ions in
AUG, as compared to JET, because of the smaller machine size and
smaller plasma currents. While JET is capable to confine most of the
fast *He ions with energies of a few MeV, *He fast-ion energies in AUG
should be limited to ~1-1.5MeV to have sufficient time to transfer
their energy to the background plasma during the slowing down. In
order to reduce the energies of fast *He ions, and thus improve the
confinement of the ICRF-heated *He ions on AUG, an obvious
solution was to reduce the absorbed RF power per resonant ion.

Higher *He concentrations of ~0.5%-1% were more optimal for
on-axis heating of medium-size AUG plasmas. Figure 16(a) shows an
overview of AUG pulse #34695 with the *He resonance on-axis (3.0'T/
0.8 MA, f=30MHz, dipole phasing). This illustrates the increase in
the plasma stored energy and plasma temperature after switching on
the ICRF system at ¢ = 1.4 s. The corresponding T, and T; profiles are
shown in Fig. 16(b). Unfortunately, central electron temperature data
are not available for AUG discharges at 2.8-3.0 T, making the analysis
of the peakedness of the T, profile rather difficult. The fact that ener-
getic *He ions were sufficiently well confined in this pulse follows from
the evolution of the plasma stored energy, increasing from 200kJ in
the NBI-only phase to ~300-310k] in the ICRF + NBI phase.
Generation of energetic *He ions with on-axis ICRF resonance was
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FIG. 15. AUG has prototyped the ITER-relevant heating scenario for nonactive
H-*He plasmas with NBI, ECRF, and ICRF systems that has a potential to widen
the H-mode operational space in ITER. This example illustrates how a ramp of
ICRF power using the three-ion “He-(*He)-H scenario with off-axis RF power depo-
sition was applied to trigger ELMs in AUG pulse #36751 (2.5T/0.8 MA). The verti-
cal dotted lines correspond to the L-H transitions and the appearance of ELMs.

also observed in AUG plasmas, confirmed by the excitation of
Alfvénic modes (fyr ~ 160-190 kHz), the appearance of fishbones and
by fast-ion loss detector (FILD) measurements, shown in Fig. 17(a).
The backward-orbit tracing of escaping ions measured by FILD was
undertaken for H, D and *He ions, as shown in Figs. 17(b)-17(d), and
infers that the measured escaping ions originate from the plasma core.
The backward-traced orbits for energetic He ions are consistent with

(a): AUG pulse #34695 (3T/0.8MA)
e e e

REVIEW scitation.org/journal/php

the *He ICRF resonance located in the plasma core. The fast-ion ener-
gies can be estimated using the following formula:

pr(cm)Beip (T)> 7z (11)

Ei(MeV) = < 14.45 A’
. 1

where p; is the Larmor radius of escaping ions measured by FILD and
Brnp is the magnetic field strength at the position of the detector.
Using Eq. (11) with Bpypp=~2.3T for #34695, one finds that the
measured fast ions with py=7cm correspond to *He ions with
energies of ~1.7 MeV.

Alternatively, one can also reduce the energies of the generated fast
*He ions by shifting the resonance location off-axis. In this way, the
same amount of RF power is deposited in a larger volume, thus, reduc-
ing RF power per resonant ion. This was applied successfully in AUG
pulse #34704 (n(*He)/n. = 0.5%—-1%) by reducing the toroidal magnetic
field to 2.8 T and shifting the *He cyclotron resonance to ppq = 0.3 at
the HES. As shown in Fig. 18, ICRF power was increased in three steps:
0.9 MW, 1.9 MW, and 2.5 MW. Consequently, the plasma stored energy
increased from ~300k] during the NBI-only phase with Pyg;=8 MW
to ~400 kJ during the ICRF + NBI phase. The TORIC-SSFPQL model-
ing” of this pulse showed that the perpendicular temperature of RE-
heated *He ions reached ~500keV in the phase with Pycpp = 2.5 MW,
see Refs. 57 and 58. A gradual increase in T, measured at p,q ~ 0.2 seen
in Fig. 18 is consistent with the fact that energetic *He ions transfer
most of their energy during their slowing-down to the electrons. CXRS
measurements confirmed the presence of confined energetic *He ions in
the plasma.””** The magnitude of the predicted charge exchange spec-
tral radiance, obtained via forward-modeling of the spectrum utilizing
TORIC-SSFPQL distribution functions, and the expected energies of
the ions agree well with the measurement, confirming that the spectral
feature is due to ICRF-accelerated *He ions, as reported in Ref. 58.

These examples illustrate that three-ion ICRF scenarios at very
low concentrations of resonant absorbers can be effectively used to
probe the limits of fast-ion confinement in fusion devices. Indeed, our
experience with the development of on-axis heating of AUG plasmas
with this scenario highlights that it can easily generate fast ions that are
too energetic to be confined in this tokamak. Therefore, pushing for
the maximum efficiency of fast-ion acceleration [e.g., on-axis ICRF res-
onance and very low n(*He)/n.] in smaller-size machines does not nec-
essarily maximize the number of confined fast ions in the plasma and,
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FIG. 17. (a) FILD analysis for AUG pulse #34695 with on-axis *He resonance. (b)-(d) Backward-orbit tracing of escaping ions, assuming H, D, and *He ions entering the FILD
detector. Reprinted with permission from Meyer et al., Nucl. Fusion 59, 112014 (2019). Reproduced courtesy of IAEA. Copyright 2019 EURATOM.

in fact, can lead to disappointing results. In such a case, a careful opti-
mization of the scenario parameters (e.g., plasma composition, reso-
nance location, antenna phasing, etc.) is needed to maximize the
content of confined fast ions.

IV. ACOMMON FRAMEWORK TO EXPLAIN EARLIER
EXPERIMENTAL RESULTS WITH ICRF HEATING IN
MIXED PLASMAS

A. Unexpected RF power absorption by impurities in
D-T experiments in TFTR and JET

In TFTR, the success of mode conversion experiments for
localized electron heating and current drive in D->He plasmas moti-
vated the team to apply this ICRF scenario also in D-T plasmas.

AUG pulse #34704 (2.8T/0.8MA)
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FIG. 18. Overview of AUG pulse #34704 (2.8 T/0.8 MA, f=30 MHz, dipole phasing)
with HFS off-axis *He resonance at Ppoi~0.3.

However, in the experiments only ~20% of the incoming RF power
heated the electrons, in contrast to what was expected, see Fig. 19
(reprinted from Ref. 21). The low efficiency of mode conversion elec-
tron heating was attributed to the presence of a small amount of "Li
ions, n("Li)/n. ~ 0.5%, absorbing most of the launched RF power. The
’Li ions originated from the use of natural lithium pellets (note that
“Li constitutes 92.5% of naturally occurring lithium) to condition the
TFTR wall in those D-T experiments. Supported also by numerical
modeling, it was soon realized that ~80% of RF power was absorbed
by 7Li ions, despite their low concentrations. In fact, the three-ion
T-(’Li)-D ICRF scenario was effectively at work and 7Li ions absorbed
RF power near one of the ITH layers located close to the cyclotron res-
onance of "Li.

In their paper,“” the authors discussed all essential elements, in
particular, the enhanced left-hand RF polarization at the ITH layer,
and explained the mechanism behind the observed strong impurity
absorption. However, as the ICRF resonance of the "Li ions was
located LES off-axis for the chosen conditions, the absorption was con-
sidered as a parasitic effect, preventing the RF power to reach the
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FIG. 19. TFTR mode conversion experiments in D-T plasmas: expectation vs real-
ity. While the experimental conditions were set for core electron heating via mode
conversion, experimental results surprisingly showed that most of the RF power
was absorbed off-axis before reaching the plasma core. Reproduced with permis-
sion from Wilson et al., Phys. Plasmas 5, 1721 (1998). Copyright 1998 AIP
Publishing.
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plasma core. To eliminate this unwanted “Li absorption, isotopically
®Li-enriched pellets were used in the next series of D-T experiments
and electron mode conversion heating was recovered. As °Li ions have
the same Z/A = 1/2 ratio as D ions, they cannot act as a third resonant
absorber in D-T plasmas.

Tungsten and beryllium have been chosen as the plasma-facing
components for JET-ILW and ITER, resulting in a non-negligible
amount of *Be impurities in the plasma. In JET-ILW, typical concen-
trations of *Be are usually about ~0.5%-1%. In their publication,”' the
TFTR team also correctly highlighted that strong ICRF damping on
°Be impurities will arise in ITER D-T plasmas, and that this would
lead to effects similar to their observations with “Li. However, our
developments show that the unwanted “parasitic” absorption by “Li
and “Be ions could be easily converted into an efficient scenario for
bulk ion heating in JET-ILW and ITER D-T plasmas.”*””*

Another important outcome of the analysis by the TFTR team
was the conclusion that mode conversion heating in D-T plasmas in
the frequency range w.r < w < W is not consistent with “Be
plasma-facing components, unless the level of “Be can be kept very
low.”" Indeed, as follows from detailed numerical analysis for ITER in
Ref. 59, already at “Be concentrations as low as ~0.1%-0.2% most of
RF power will be absorbed by these intrinsic impurities via the three-
ion T-(°Be)-D scenario, thereby preventing mode conversion heating
in D-T = 50%-50% plasmas and thus also the use of mode converted
ion Bernstein waves (IBW) for other applications.

There was a similar puzzling observation in D-T ICRF experi-
ments in JET with the carbon wall, when the deuterium concentra-
tion was varied between 9% and 22%.°" It was reported that while
the largest fusion yield was reached at 9% of D, strong bulk ion
heating occurred at 18% of D, with a ~60% contribution from the
thermal fusion reactions to the total neutron yield. Strong ICRF
damping on ~1.5% °Be impurities in D-T plasmas, amplified by
the large E, at the ITH layer, was put forward as one of the possi-
bilities to explain the observations. The conclusion was that under
those experimental conditions, *Be impurities can absorb up to
40% of the incoming RF power. In fact, all the essential elements
for the three-ion ICRF scenario in D-T plasmas with *Be as reso-
nant absorbers were described in Ref. 61. We note that in
D-T = 50%-50% plasmas ICRF power absorption by *Be impuri-
ties is even more effective.

B. Efficient acceleration of D-NBI ions in D->*He mode
conversion experiments in JET-C and TFTR

A competing damping mechanism was observed in D->He ICRF
mode conversion experiments with n(*He)/n, ~ 25%-35% on JET
with the carbon wall (JET-C), in the presence of fast D-NBI ions
(Expr ~ 135keV). At such large *He concentrations (above the optimal
one for mode conversion), energetic D ions were observed, evidenced
by the strong increase in the neutron yield, the intensity of the
gamma-rays and long neutron decay times after the D-NBI blip:
see Sec. 2.2 in Ref. 12 for a detailed discussion. This effect was also
later observed in JET-C ICRF experiments in D->He plasmas with
n(*He)/n, ~ 20%, as reported in Ref. 28.

It is well known that mode converted IBWs are characterized by
much larger perpendicular wavenumbers than fast waves. As a result,
interaction between ions and IBWs cannot lead to the generation of
populations of MeV-range ions. Thus, the clear experimental
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observation of fast D ions with energies significantly above the NBI
injection energy is proof of an efficient transfer of RF power from the
launched fast waves rather than from mode converted IBWs. Fulfilling
the resonance condition, Eq. (1) for fast D-NBI ions at the IIH layer
was realized by the authors of Ref. 12 as the mechanism responsible
for the observed efficient generation of high-energy D ions. In one of
the comparison shots, the *He puff was replaced by a similar *“He puff,
resulting in a strong reduction of the *He concentration and an associ-
ated shift of the IIH layer. Thus, the fast D-NBI ions were no longer
resonating at the IIH layer, leading to the disappearance of highly
energetic D ions in the plasma.

Note that similar observations were also made in ICRF
experiments in D->He plasmas on TFTR® in the presence of
D-NBI heating. At large n(*He)/n. ~220% strongly enhanced fast-
ion losses were observed, considered to be either D-D fusion-born
tritons or ICRF-accelerated D-NBI ions. The results of our recent
JET-ILW experiments in D->He plasmas proved that D-NBI ions
can be effectively accelerated to high energies by the launched fast
waves in the vicinity of the ITH layer. As follows from ICRF model-
ing, at these conditions only a few % of the incoming RF power
reaches the point where fast waves undergo mode conversion to
IBWs.

In fact, recent fast-ion studies in JET-ILW D->He plasmas with
n(*He)/n. ~ 20%-25% using the three-ion D-(Dynpy)->He scenario, as
described in Secs. IIT A and I1I B, is a natural follow-up of those earlier
experiments in JET-C and TFTR. The enhanced set of fast-ion diag-
nostics now available at JET, combined with the progress with the
development of heating and transport modeling codes, allows a much
more detailed understanding of the complex physical processes, taking
place in these mixed D->He plasmas.

C. The importance of residual D ions and intrinsic
carbon impurities for *He ICRF experiments in
H plasmas on AUG and JET with a carbon wall

A series of *He minority and mode conversion experiments in
H majority plasmas were undertaken on the AUG and JET tokamaks,
both with a carbon wall at the time of the experiments.'”* °° Both
studies highlighted that for the correct interpretation of the experi-
mental results, including the presence of additional ion species with
(Z/A) =1/2 is essential. All ions with (Z/A)=1/2 contribute to an
equivalent total concentration of D ions

X[Dlequy. = X[D] + 2X['"He?*] + 6X[C + >~ Zimp Ximp, (12)
imp
where the contributions from D, *He*", and >)C®" ions are explicitly
taken into account, and the last term includes the sum over all other
ion species in the plasma with Z/A =1/2. In ICRF experiments on
AUG with the carbon wall,”” the concentration of residual D ions was
~15%. Similar equivalent concentrations of D ions (X[D]cquiv.
A2 14%-20%) were reached in ICRF experiments in JET-C plasmas'
that contained ~2%-3% of intrinsic carbon impurities and ~2% of
residual deuterium. Thus, from the ICRF point-of-view, those plasmas
were equivalent to an H-D mix with n(D)/n. ~ 15%-20% and corre-
spondingly n(H)/n. ~ 80%-85%.
In fact, the isotopic H-D ratio in recent three-ion ICRF experi-
ments on Alcator C-Mod, JET and AUG with resonant *He ions
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closely mimicked the conditions achieved in earlier *He ICRF experi-
ments in hydrogen plasmas on AUG and JET-C. The authors of Refs.
15 and 63-65 clearly realized and highlighted the importance of
residual D ions and carbon impurities, and their impact on the details
of RF wave propagation and power absorption under those
experimental conditions. New developments highlight the potential to
exploit the presence of intrinsic and extrinsic impurities in the plasma,
as an active element to control ICRF power deposition and fast-ion
generation.

V. PROMISING APPLICATIONS FOR FUSION RESEARCH

As follows from the discussions in Secs. II-IV, for almost any
mixed plasma, including D-T, one can find a corresponding three-ion
ICRF scenario for a specific task. This section describes practical appli-
cations of these novel ICRF scenarios beyond plasma heating and fast-
ion generation, which have a promising potential for fusion research,
but are still largely under development.

A. A tool for the fast-ion driven MHD modes and
turbulence studies

Dominant core electron heating from fusion-born alphas will be
the main source of plasma heating in future D-T experiments. Recent
theoretical studies highlight that alpha particles can significantly stabi-
lize ITG turbulence and reduce heat transport in ITER.”” Thus, devel-
oping heating scenarios in present-day tokamaks that closely mimic
the conditions of fast-ion electron heating representative for ITER
plasmas is very important to obtain a deeper understanding of the
expected impact of the fusion-born alphas in D-T plasmas and vali-
date existing state-of-the-art microturbulence codes with the data
obtained.

Furthermore, fusion-born alpha particles in D-T plasmas in
ITER are expected to destabilize Alfvén eigenmodes, possibly leading
to detrimental effects on plasma confinement.”” In view of ITER,
several fast-ion scenarios have been developed on different machines
in recent years to excite AE modes and study the mechanisms for their
control.”” As discussed in Sec. 111 A, a large variety of Alfvénic modes
such as TAEs, RSAEs, and EAEs are regularly observed in JET experi-
ments with three-ion ICRF scenarios optimized for core heating and
fast-ion generation, see Fig. 8.

Surprisingly, in most cases, the observed complex AE activity
was not detrimental for plasma confinement in three-ion ICRF
studies on JET. Recent gyrokinetic analysis of these experiments in
D-’He plasmas and its comparison with the NBI-only pulse
#94704 highlights that efficient ion heating can be reached in the
presence of MeV-range fast ions and fully destabilized TAEs seen
experimentally through a complex multi-scale mechanism that
generates intense zonal flows."" This mechanism is promising to
reach high T; in future fusion plasmas with strong electron heating
by the alpha particles. Note that the suppression of the electrostatic
turbulence with moderately energetic fast ions (~100keV) in the
presence of marginally stable TAEs, appearing in the gyrokinetic
GENE simulations, was discussed in Ref. 69.

B. A tool to modify the g-profile in the plasma core

Reversed-shear Alfvén eigenmodes were regularly observed in
JET experiments with the three-ion ICRF scenario in D-"He plasmas,
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as discussed in Sec. 111 B (see also Figs. 10 and 11). This indicates that
the application of this fast-ion scenario with associated phenomena
led to a modification of the g-profile. Several mechanisms could con-
tribute. First, three-ion ICRF scenarios on JET generate a population
of co-passing fast D ions and fast-ion current drive, but not necessarily
peaked exactly on-axis. This could be caused by, e.g., the Shafranov
shift of the magnetic axis and variations of the plasma composition,
defining the exact location of the ITH layer. Second, the significantly
higher T, reached during the phases with ICRF increases the number
of fast ions in the slowing-down population as ngg o< T3/? [e.g., in
pulse #94701T,, doubled from ~3.5keV during NBI-only to
~7.0keV during the combined ICRF + NBI phase, see Fig. 7(a)].
Furthermore, the strongly peaked pressure profile also leads to an
increased bootstrap current contribution. All these simultaneously
appearing effects are a direct consequence of the application of the
three-ion ICRF scenario. The detailed understanding of the interplay
between various mechanisms, leading to systematic observations of
RSAEs, is a subject of ongoing active research. In this context, it is
important to mention that RSAEs were also observed in three-ion
ICRF experiments on JET in H-D (and very recently in H-*He) plas-
mas with thermal *He ions as resonant absorbers, when using
co-current drive ICRF antenna phasing. These experimental results
illustrate that three-ion ICRF scenarios have the potential to become a
control tool to modify the g-profile in the central region of the plasma.

C. Bulk ion heating in D-T plasmas

Second harmonic heating of tritium ions is considered as the
main ICRF scenario for D-T plasmas in ITER, facilitated by the injec-
tion of a few percent of >He ions to maximize bulk ion heating and to
increase T; during the ramp-up phase of the pulse. Because *He is a
scarce gas, using the three-ion T-(’Be)-D scenario with a small amount
of intrinsic *Be impurities (~1%) as resonant absorbers was proposed
for RF heating in D-T = 50%-50% plasmas.” In fact, *Be impurities
are the dominant channel of RF power absorption for a fairly broad
D:T range, as shown by numerical simulations in Ref. 59. As follows
from basic Coulomb collision theory, °Be impurities have a substan-
tially larger critical energy than 3He ions, viz., E.(’Be)~74 T, vs
EeiCHe)~25T., and thus transfer an even larger fraction of
absorbed RF power to bulk D and T ions, as illustrated in Table I of
Ref. 59. This ICRF heating scenario is compatible with additional seed-
ing of Ar and **Ne impurities (candidate ions for impurity seeding in
ITER and future reactors’’) having a very similar charge-to-mass ratio
as *Be.

We note the potential of intrinsic impurities with 1/3 < (Z/A) < 1/2,
such as “Li and “Be, to absorb RF power efficiently in D-T plasmas
was already experimentally observed at TFTR and JET,”"*' as dis-
cussed in Sec. IV A. Essentially, new insights suggest that instead of
considering this effect as a parasitic impurity absorption, it can be used
to the benefit of future studies in D-T plasmas in JET-ILW and
ITER ™

D. Revisiting the parasitic absorption by alphas in D-T
plasmas

ICRF heating of JET-ILW and ITER D-T plasmas with intrinsic
°Be plasma impurities in the frequency range o ~ w.p and below is
generally quite efficient as different resonant ion populations can
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absorb RF power at different radial locations. These include thermal D
and T ions, °Be and other impurities with 1/3 < (Z/A) < 1/2, injected
fast D-NBI or T-NBI ions and fusion-born alpha particles. The exact
split of the absorbed RF power between these components depends on
the details of the selected operational settings, including the D:T ratio,
ICRF and NBI parameters, plasma density and temperature, concen-
tration of impurities, the amount of fusion-born alphas, etc.

For example, at n(D)/n. ~ 10%, RF power is efficiently absorbed
by thermal D and fast D-NBI ions in the vicinity of the D cyclotron
resonance, m & mp and at the LFS of it. In the absence of D-NBI, the
high efficiency of the D minority heating scenario was demonstrated
in past ICRF experiments in D-T plasmas on JET.”' In combination
with high power D-NBI, this ICRF scenario has been proposed to
reach high fusion power in future D-T experiments in JET-ILW.""”!

At higher concentrations of D ions n(D)/n, = 20%-30%, RF
power absorption at @ ~ m.p becomes less efficient. A large amount
of the RF power, launched from the LFS, can pass through the region
w =~ o.p and reach the IIH layers in D-T plasmas, thus allowing to
make use of the three-ion scenarios. Due to the unavoidable presence
of °Be impurities in JET-ILW and ITER plasmas, one of the IIH layers
is located in close proximity to the cyclotron resonance of *Be, facilitat-
ing RF power absorption by these impurities. Furthermore, simulta-
neously fast D-NBI ions and alpha particles can absorb RF power in
the vicinity of this IIH layer (k;v;; <0), thereby exploiting the advan-
tages offered by the three-ion ICRF scenarios. To control the exact
split of the RF power between the various resonant absorbers, different
antenna phasings with different dominant values of k| can be applied.

Absorption of ICRF power by fusion-born alpha particles in D-T
plasmas is usually considered as a parasitic effect to be avoided.””””
The higher the plasma temperatures, the more fusion-born alpha par-
ticles are present in the plasma, leading to increased amount of RF
power absorbed by these alphas and consequently reduced ICRF
power absorption by “Be and other heavy impurities. As discussed in
Secs. III B and V B, generating passing fast ions in the central regions
of the plasma can be used as a tool to modify the g-profile. As the
alpha distribution in D-T plasmas in ITER is to a large extent isotropic
in vH,m an asymmetric k| antenna spectrum is required to generate a
net noninductive current by the fusion-born alpha particles. Choosing
an ICRF antenna phasing to launch RF waves predominantly in the
co- or countercurrent direction might potentially be used as an addi-
tional actuator allowing to reverse the direction of the alpha-driven
current. Thus, using parasitic absorption of ICRF power by alphas in
the vicinity of the IIH layers in D-T plasmas might offer the potential
to contribute to the control of the shape of the g-profile in the central
region of the plasma. As, in turn, the g-profile is known to impact the
global plasma confinement, this opens an additional promising appli-
cation for ICRF as a control system in high-temperature D-T plasmas.

E. Complementary scenarios to demonstrate alpha
particle effects in future D-T experiments on JET

One of the main objectives of the forthcoming D-T campaign on
JET (DTE2) is to demonstrate and study the effects associated with the
presence of fusion-born alpha particles.”*”” To achieve this task, JET is
developing a dedicated scenario to excite alpha-driven AEs in the
afterglow phase of high-performance D-T plasmas with internal trans-
port barriers, heated with NBI -only.7(’

scitation.org/journal/php

The success with the development of three-ion ICRF scenarios in
H-D and D-He plasmas on JET opens new promising routes for
demonstrating alpha effects in JET-ILW. In particular, we note the
ongoing effort for designing a dedicated scenario to demonstrate alpha
particle heating in DTE2, in which fusion-born alphas provide the
main source of electron heating in the plasma core and where the
post-sawtooth reheat rate, dT.(0)/dt is used as a figure-of-merit to
characterize electron heating power densities in the plasma core.”” In
this context, applying three-ion ICRF scenarios with heavier impurities
as resonant absorbers (°Be, possibly in combination with Argon or
**Ne) is promising as they collisionally transfer most of the absorbed
RF power to bulk ions and thus minimize core electron heating from
ICRF. Equally important, these heavy resonant ions stay at sub-
Alfvénic velocities and thus are less likely to trigger AEs even at MeV-
energies.

In addition, three-ion ICRF scenarios with fast T-NBI or D-NBI
ions as resonant absorbers are also promising for their use in DTE2.
As we demonstrated the possibility to control the fast-ion distribution
with the ratio Pjcre/Pnpr and the choice of NBI injectors, this tech-
nique offers JET the possibility to accelerate NBI ions with ICRF to
energies, for which the D-T reactivity is maximized, as proposed in
Ref. 19. In this way, this technique can be used to optimize the alpha
production and beam-target neutron rate in D-T plasmas at moderate
input heating power. Similar to the D->He experiments discussed in
Sec. 111 A, rather high alpha generation rates can thus be obtained for a
moderate total auxiliary heating power. In combination with the off-
axis location of the ITH layer and beam heating, the energies of ICRF-
accelerated fast ions can be controlled to be below or comparable to
the critical energy. Thus, this scenario can facilitate the design of dedi-
cated experiments to demonstrate alpha physics effects in JET-ILW.

F. Extending H-mode access in hydrogen majority
plasmas in ITER

Access to ELMy H-mode plasmas and developing ELM control
techniques are one of the main priorities for ITER studies with nonactive
plasmas.*® Partly due to the lack of an efficient ICRF absorption
scenario in hydrogen plasmas at half magnetic field (2.65T/7.5 MA),
this may be challenging for such plasmas. For H-mode access,
the difference in the total auxiliary heating power available, 53 MW
(NBI + ECRF) vs 73MW (NBI + ECRF + ICRF), could well be
essential. Thus, an alternative heating scenario with all three heating
systems of ITER was proposed in Ref. 51. This relies on using the mix
H + 10%-15% of “He ions (shown to reduce the L-H power threshold
in NBI-only heated plasmas in JET-ILW’®) and increasing the nomi-
nal magnetic field to 3.0-3.3 T. In these plasmas, the three-ion
“He-(*He)-H ICRF scenario with an off-axis *He resonance
[n(*He)/n. <1%] is capable to provide an additional 20 MW of heat-
ing power to the plasma. Thus, this heating scenario has the potential
to extend the H-mode operational space in predominantly hydrogen
plasmas in the PFPO-2 phase of ITER.”*'

As discussed in Sec. IIIC, in view of ITER needs, promising
results have been recently obtained on AUG and JET. Particularly rele-
vant are the pioneering results with the off-axis three-ion
4He—(SHe)—H ICRF scenario in H-*He plasmas on AUG, in which all
three heating systems were used. The simultaneous realization of
plasma heating with ICRF, ICRF-triggered L-H transitions, and low
levels of impurities is encouraging. Further studies of this ITER-
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relevant three-ion ICRF heating scenario in nonactive H-*He plasmas
and further optimizations are foreseen in future campaigns on AUG
and JET.

G. Using impurities as an active tool to control RF
polarization and ICRF absorption

The role of low-Z impurities in multi-ion species plasmas can go
beyond being an absorber of RF power, as for “Be and “Li ions in D-T
plasmas. Low-Z impurities can also provide a significant contribution
to the RF polarization, as, e.g., for the carbon impurities during *He
ICRF experiments in hydrogen plasmas in JET with the carbon
wall,"”***” discussed in Sec. IV C. Yet nothing prevents extending this
idea and using a combination of intrinsic and extrinsic impurities as
an active tool to control polarization and deposition of RF waves.

Because of the unavoidable presence of “Be impurities in ITER
and JET-ILW plasmas, neither pure (*He)-H, nor (D)-H minority sce-
narios can be realized in these machines. Because (Z/A)ope < (Z/A)st1e
< (Z/A)y, *Be impurities are not resonant absorbers in these plasmas,
but are a crucial component that defines the polarization of RF waves
and, thus, impacts RF heating of resonant “He ions.'””” This is illus-
trated in Fig. 20, where the fraction of RF power absorbed by resonant
“*He ions is plotted as a function of both n(°Be)/n, and n(*He)/n., com-
puted by the full-wave TORIC code.” It is very clear that power
absorption by “He can vary from 0% to 100%, depending on the
plasma composition. For example, if n(°Be)/n. >3%, then ICRF heat-
ing of *He ions becomes a very poor heating scenario with unwanted
strong fast wave reflections. Figure 20 shows that efficient ICRF
absorption by “He ions at very low concentrations (~0.2%) is maxi-
mized at n(°Be)/n, ~ 1.5%-2.5%, in line with the theoretical formulas
for the three-ion *Be-(*He)-H scenario [Eq. (5)]. These conditions are

Fraction of RF power absorbed by “He ions

100

- -k
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2]
o

Helium-4 concentration, X[4He] (%)
(=)

© o ©2 o o
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Beryllium concentration, X[9Be] (%)

FIG. 20. The fraction of ICRF power absorbed by resonant *He ions in hydrogen
majority plasmas, including °Be impurities. The computations were made for the
ITER-like plasma conditions using the TORIC code (By=5.3T, f=40MHz,
Nor=27, Neg=6x 10" m~3, and To=10keV). An additional seeding of **Ne
and Ar impurities can be applied to complement intrinsic levels of °Be to optimize
the three-ion ICRF scenario for “He resonant ions.
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beneficial if one aims to generate MeV-range “He ions in hydrogen
majority plasmas, e.g., to validate fast-ion diagnostics.

As controlling the concentration of °Be intrinsic impurities
(ZIA =4/9) in the plasma is not straightforward, using other extrinsic
impurities with a similar charge-to-mass ratio can be applied as an
additional control tool. These include argon (Z = 18, A = 40; ioniza-
tion energy of the fully stripped ions Eopi, ~4.4keV) and Ne
(Z=10, A =22; Ejoni, =~ 1.4keV), currently considered for impurity
seeding in ITER and future reactors.”’ Accounting for such impurities,
the equivalent concentration of *Be is given by

X[Be],,, = X[’Bel + (10/4)X[?*Ne] + (18/4)X[Ar].  (13)

equiv.
The numerical coefficients in Eq. (13) reflect the fact that 2Ne and
Ar ions have a higher charge number than “Be. For example, if the
intrinsic level of *Be impurities is about 0.5%, then an additional
impurity seeding with ~0.1%-0.4% of argon would result in
maximizing the RF power absorption on “He ions at concentrations
n(*He)/n, < 0.5%.

VI. SUMMARY AND CONCLUSIONS

ICRF heating of multi-ion species plasmas has been often
employed in fusion research. Already in the 1980s, there were theoreti-
cal and experimental efforts on the T-10 and TFR tokamaks to use
extrinsic impurities such as **Ne and Ar to improve the efficiency of
ICRF heating and exploit the advantages of the enhanced E RF elec-
tric field at the ITH layer in mixed H-D plasmas.”’ ** However in
those times, second harmonic ICRF heating of impurity ions,
o & 204 (n=2) was selected as a damping mechanism, which is a
finite-Larmor-radius effect.

In multi-ion species plasmas, ICRF heating could be made
much more effective using fundamental (n=1) heating for a
“third” ion population. Sporadic observations of RF power deposi-
tion on ions were reported in mixed D-T and D-He plasmas
under conditions where mode conversion was expected. For exam-
ple, dominant RF power absorption on ’Li impurities was reported
in D-T experiments on TFTR, designed for electron heating via
mode conversion.”' Similarly, in ICRF mode conversion experi-
ments in D->He plasmas, additionally heated with D-NBI, an unex-
pected generation of high-energy D ions was observed at large
n(*He)/n.~25%."”

The developed theoretical framework for three-ion ICRF sce-
narios provides a simple and unified explanation for the direct RF
absorption by the ions in these experiments, while mode conver-
sion heating was expected. In retrospect, the idea behind these sce-
narios sounds self-evident. The essential RF physics mechanisms,
in particular, the importance of the plasma composition and the
presence of impurities in multi-ion species plasmas, the enhanced
left-hand RF polarization at the IIH layer, Doppler-shift effects for
fast ions, etc., were individually well known by the ICRF commu-
nity for years and recognized in past ICRF experiments on TFTR,
JET, and AUG.

The intentional use of three-ion ICRF scenarios only started a
few years ago. Recent experimental and modeling developments of
these scenarios on Alcator C-Mod, AUG, and JET tokamaks provided
new insights for the exploration of these novel ICRF scenarios for
many fields of fusion research, extending their applications beyond the
originally intended fast-ion generation and plasma heating.
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As presented in Sec. V, three-ion ICRF scenarios hold promises
for ITER to extend the H-mode operational space in its nonactive
phase and to provide bulk ion heating of D-T plasmas using intrinsic
“Be impurities (or in combination with impurities like Ar and **Ne,
considered for impurity seeding). Furthermore, recent experimental
results have shown further applications of these scenarios, including
many also of relevance for ITER. These include a tool to study fast-ion
driven MHD modes, turbulence studies at ITER-relevant fast-ion elec-
tron heating conditions, efficient generation of large populations of
passing fast ions, local fast-ion current drive and modification of the
g-profile, etc.

Three-ion scenarios open new possibilities for the application
of ICRF in fusion research, and they also allow revisiting old and
sometimes forgotten ideas. As an example, the well-known
absorption of ICRF power by alpha particles in D-T plasmas, up
until now considered as detrimental, in fact, now opens new
potential applications for ICRF in high-temperature fusion-grade
plasmas. There is an important and promising field in plasma
physics to be further explored.
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