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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 ”exible 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-
“ed. The theoretical “ndings have been convincingly con“rmed by the proof-of-principle experiments in mixed H…D plasmas on the Alcator
C-Mod and JET tokamaks, using thermal3He and fast D ions from neutral beam injection as resonant absorbers. Since 2018, signi“cant pro-
gress has been made on the ASDEX Upgrade and JET tokamaks in H…4He and H…D plasmas, guided by the ITER needs. Furthermore, the
scenario was also successfully applied in JET D…3He plasmas as a technique to generate fusion-born alpha particles and study effects of fast
ions on plasma con“nement 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 ef“cient in generating large populations of passing fast
ions and modifying theq-pro“le. Recent experimental and modeling developments have expanded the use of three-ion scenarios from dedi-
cated ICRF studies to a ”exible tool with a broad range of different applications in fusion research.

VC 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 “elds are used to con“ne plasmas in fusion devi-
ces. As a result of the Lorentz force, plasma ions and electrons gyrate
around the magnetic “eld lines with a local characteristic cyclotron fre-
quencyx cs¼qsB/ms, whereqs andms are the charge and the mass of
the particle andB is the local value of the magnetic “eld. Note that
ions rotate in the clockwise direction, while electrons rotate counter-
clockwise, when viewed in the direction opposite to the magnetic “eld.
For typical magnetic “elds 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…55 MHz.1…4In addition to plasma heating, ICRF systems have a
broad range of additional applications, as discussed in recent
overviews.5,6

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.7…10A necessary
condition for fundamental ion cyclotron (n¼1) and harmonic damp-
ing (n¼2, 3, ƒ) is the local match between the Doppler-shifted wave
frequency and the ion cyclotron frequency or harmonics

x ¼ nx ci þ kjj vjj ;i n ¼ 1; 2; 3; ƒð Þ: (1)

Here,x ¼2pf with f being the frequency of the launched radio fre-
quency (RF) waves;kjj and vjj ,i are the wavenumber and ion velocity
parallel to the con“ning magnetic “eld; andn is the cyclotron har-
monic number. In turn, Eq.(1) determines the parallel velocities for
resonant ions

vjj ;i ¼ x � nx cið Þ=kjj : (2)

For thermal ions with low vjj, this condition can be ful“lled close to
the ion cyclotron resonance layers, wherex � nx ci. 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.11,12

The RF electric “eld of the propagating fast waves can be written
as the sum of a left-hand,Eþ (rotating in the direction of the ions) and
a right-hand,E� (rotating in the direction of the electrons) polarized
component.13Ef“cient ion cyclotron damping for thermal and moder-
ately energetic ions occurs when Eq.(1) is satis“ed in a region with a
high jEþ j.9 To a large extent, the plasma composition determines the
spatial distribution of the ratioEþ /E� in the plasma volume and thus
is a crucial parameter to optimize the ICRF heating ef“ciency.

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 � x ci,mino

(n¼1). 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.7,8In practice, minority heating is
applied at higher minority concentrations,Xmino¼nmino/ne (here,
nmino is the minority density andne 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.14 The Eþ component is locally enhanced
at this layer (see Sec.II ), facilitating RF power absorption by minority
ions.

The radial position of the IIH layer in the plasma depends on the
plasma composition.12 As the concentration of minority ions
increases, the IIH layer shifts further away from the minority cyclotron
resonance toward the cyclotron resonance of the other ion species.
Eventually, the distance to the IIH layer gets too large for both plasma
ion species and they can no longer resonate at the region with an
enhancedjEþ j. 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 ”ow generation.11,12,15,16

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 (•thirdŽ) ion population.17…20

Obviously, a proper choice for the plasma composition is required
such that the third resonant ion population satis“es the wave…particle
interaction condition, Eq.(1) in the vicinity of a layer with a largejEþ j
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 ratio17,18and (b) a fast-ion population with suf“ciently
large parallel velocities such that they resonate at the IIH layer because
of their large Doppler shift.19,20In 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 signi“cantly 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…3He, and H…D plasmas on TFTR, JET, and ASDEX Upgrade
(AUG) (see Sec.IV 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 ofjEþ j
and ICRF characteristics,15,21the ”exibility and tunability of these RF
scenarios was apparently not realized as such. These scenarios rely on
an active control of thejEþ j RF electric “eld in the plasma by selecting
the plasma mix such that the third ion population resonates in the
vicinity of one of the IIH 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.II, III , andV).

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 ”exible ion cyclotron heating scenario. Note that three-ion
ICRF scenarios rely on the fundamental (n¼1) ion cyclotron
damping. As for any othern¼1 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.13This, in turn, allows to control whether collisional electron
or bulk ion heating dominates as a result of the slowing-down of the
resonant ions.

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 bene“cial for
maximizing collisional bulk ion heating. All this is a consequence of the
physics of Coulomb collisions in a plasma, but realizing ef“cient RF
power absorption by heavy ions is not that straightforward. Three-ion
ICRF scenarios are particularly suited for this task, as they allow one to

channel RF power to, e.g.,9Be 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 speci“c 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 “eld 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 con“nement plasmas, but also provide further
insight into the mechanisms responsible for the acceleration of the
3He ions in3He-rich solar ”ares.18 These events are characterized by
an enormous enrichment of the rare isotope3He (by a factor of� 104)
above the solar wind or coronal abundances.22,23Various models have
been proposed to explain the anomalous abundance of highly ener-
getic3He 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 Alfv�en waves.23 Our studies show that if proton plasmas
additionally include4He ions at the level ofn(4He)/ne � 10%…15%,
the ion cyclotron absorption by a small number of3He ions can be
strongly increased.18

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. SectionIII summarizes
recent progress with extended applications of these novel scenarios in
H…D, H…4He, and D…3He 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…3He and D…T plasmas in JET and TFTR, discussed in Sec.IV.
SectionV 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.VI.

II. PROOF-OF-PRINCIPLE EXPERIMENTS IN H…D
PLASMAS USING THERMAL 3HE 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, de“ning the perpendicular FW refractive
index (with respect to the con“ning magnetic “eld)

n2
? ; FW •

ð� L � n2
kÞð� R � n2

kÞ

� S � n2
k

: (3)

Here,� S, � L, and� R are the plasma dielectric tensor components in the
notation of Stix13 (involving the contributions of the electrons and all
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ion species in the plasma) andnjj ¼ckjj/x is the parallel refractive
index. As discussed in Ref.9, the ion cyclotron absorption and the fast
wave Poynting ”ux are proportional toPabs / j Eþ j2 and
S? / n? jEyj

2, respectively (Ey is the poloidal RF electric “eld compo-

nent). Because
�
� Eþ

E�

�
� •

�
�
�

� R� n2
k

� L� n2
k

�
�
� and

�
� Eþ

Ey

�
� •

�
�
�

� R� n2
k

� S� n2
k

�
�
�, the local damping

ratePabs=S? is enhanced in regions where the conditions� L ¼ n2
k and

� S ¼ n2
k are satis“ed.

A plasma withN ion species with a different charge-to-mass
ratios hasN � 1 successive pairs of ion cyclotron resonances. Between
every such pair of cyclotron resonances, there exists a solution for the
equation� Sðx SÞ ¼n2

k and� Lðx LÞ ¼n2
k, de“ning the cold…plasma fast

wave resonance and the left-hand cutoff, respectively. Throughout the
paper, we adopt the notations •IIH resonanceŽ24 and •IIH cutoffŽ for
the corresponding FW resonance and left-hand cutoff, and use
the term •IIH layerŽ to loosely refer to the region with the enhanced
Eþ 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 con”uence with a kinetic mode. Yet,
the cold-plasma approximation is still rather accurate to determine the
position of the IIH layers in multi-ion species plasmas.

For example, in two-ion species plasmas and for lowkjj, the IIH
cutoff and resonance frequencies are given by25

x L ¼
x 2

p1x
2
c2 þ x 2

p2x
2
c1

x 2
p1x c2 þ x 2

p2x c1
; x S ¼

���������������������������������
x 2

p1x
2
c2 þ x 2

p2x
2
c1

x 2
p1 þ x 2

p2

s

; (4)

wherex p1 andx p2 are the plasma frequencies for the two ion species.
For these plasmasZ1 X1 þ Z2 X2¼1, and the equation for the IIH cut-
off frequency can be simpli“ed further tox L ¼Z1 X1 x c2þ Z2 X2 x c1.
Here,Z1 and Z2 are the charge numbers andX1 and X2 are the ion
concentrations. It is immediately clear that the position of the IIH cut-
off can be controlled by varying the plasma composition and thatx L

is located in betweenx c1 andx c2. An expression with similar charac-
teristics can be derived forx S. For the more general case withN
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 suf“ciently large concentrations of the minority ion species,
the distance between the IIH 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 enhancedjEþ j and electron
heating via mode conversion is usually realized.12,15By 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 useZi and Ai for the charge number and
the atomic mass of ion speciesi, with indices •1Ž and •2Ž for the
nonresonant main ions such that (Z/A)2 < (Z/A)1 (i.e., ion species #1
has a larger cyclotron frequency than #2) and index •3Ž for the reso-
nant absorber population. We also useXi ¼ni/ne as the notation for
the ion concentrations, wherene is the electron density. As resonant
absorbers, a third ion population with a (Z/A) value •sandwichedŽ
between that of the two nonresonant ions, (Z/A)2 < (Z/A)3 < (Z/A)1

was proposed in the original theoretical formulation of this ICRF sce-
nario. As discussed in Refs.17and18and as follows from Eq.(4), ef“-
cient ion cyclotron absorption by the third ion population at very
small concentrations is maximized at

X�
1 �

1
Z1

ðZ=AÞ1 � ð Z=AÞ3

ðZ=AÞ1 � ð Z=AÞ2
; X�

2 �
1
Z2

ðZ=AÞ3 � ð Z=AÞ2

ðZ=AÞ1 � ð Z=AÞ2
: (5)

In this case, concentrations of resonant absorbers as low as a few&
are suf“cient to absorb nearly all launched RF power, allowing to max-
imize the absorbed RF power per resonant ion and, thus, the ef“ciency
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 withX1 � X�

1
and X2 � X�

2 are more optimal for fast waves excited from the low
magnetic “eld side (LFS).26

Fast ions with the same (Z/A) as one of the main plasma ions
can also be used as resonant absorbers.19,20A natural choice for
the realization of the Doppler-shifted version of the three-ion

FIG. 1.Proof-of-principle demonstration of the high ef“ciency of the three-ion
ICRF scenario for plasma heating on Alcator C-Mod (7.8 T/1.2 MA,
ne0� 2…3� 1020 m� 3). The panels from top to bottom show the ICRF power, the
central electron temperature, and the plasma stored energy. The “gure compares
the performance of ICRF heating for the three-ion D…(3He)…H scenario
(#1160901009,X[3He]� 0.5%, solid lines) and the3He minority scenario in
D plasma (#1160823003,X[3He]� 5%…7%, dotted lines). Reprinted with stylistic
modi“cations with permission of Springer Nature from Kazakovet 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 de“nitions, i.e., (Z/A)2 < (Z/A)1. In this case,
the IIH layer is located in the low magnetic “eld side direction
with respect to the cyclotron resonance of ion species #2. This
implies that fast ions with a positive Doppler shift (kjjvjj > 0) are
required to resonate at this layer. Ef“cient RF power absorption by
fast ions is realized in plasmas with a composition given by
X1 � X�

1 andX2 � X�
2, where

X�
1 �

1
Z1

ðZ=AÞ1 � ð Z=AÞ2= 1 � pð Þ
ðZ=AÞ1 � ð Z=AÞ2

;

X�
2 �

1
Z2

ðZ=AÞ2

ðZ=AÞ1 � ð Z=AÞ2

p
1 � p

:
(6)

Here, p ¼ dRðmaxÞ
fast =Rabs, Rabs is the intended radial location for RF

power absorption (for core heatingRabs� R0), dRðmaxÞ
fast ¼ Btor

B

ntorv
ðmaxÞ
k;fast

x is
the Doppler-shift distance for fast ions with maximum parallel
velocities, andntor is the fast wave toroidal mode number,
kjj � (Btor/B) (ntor/R). The factorBtor/B in these expressions ensures the
proper sign forkjj and dRfast along the magnetic “eld, regardless the
choice for the orientation of the toroidal angle. Using the formal
substitution

Z=Að Þ3 $ Z=Að Þ2= 1 � pð Þ; (7)

one easily “nds the equivalence of Eqs.(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 IIH 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)1 > (Z/A)2. Then, the IIH layer is located
toward the high magnetic “eld side (HFS) direction with respect
to the cyclotron resonance of ion species #1 and fast ions with a
negative Doppler shift (kjjvjj < 0) are required to resonate at this
layer.

We also introduce the following notation for three-ion ICRF sce-
narios:Y2…(Y3)…Y1, where the resonant absorbersY3 are indicated
between the round brackets, andY2 andY1 are the nonresonant ions
ordered according to their (Z/A) value (x c2 < x c1). For example, the
notations D…(3He)…H and D…(DNBI)…H stand for three-ion ICRF sce-
narios in mixed H…D plasmas, using3He and D-NBI ions as resonant
absorbers, respectively.

B. Proof-of-principle experiments with resonant 3He
ions in mixed H…D plasmas on Alcator C-Mod and JET

Mixed H…D plasmas with3He ions as resonant absorbers (with
their unique (Z/A) ¼2/3) were chosen for the proof-of-principle

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 “eld
B0¼7.8 T, plasma currentIp ¼1.2 MA and high central electron den-
sitiesne0� 2…3� 1020 m� 3. 4…5 MW of ICRF power was delivered
into this plasma at RF frequenciesf ¼78.0…80.0 MHz for the core3He
heating.Figure 1shows the time evolution of the ICRF power, central
electron temperatureTe0, and plasma stored energyWp for a pulse
with the 3He minority scenario in a D plasma (X[3He] � 5%…7%,
black dotted lines), and a pulse with the three-ion D-(3He)-H scenario
in a H…D plasma (X[3He] � 0.5%, red solid lines). The high ef“ciency
of the three-ion ICRF scenario for plasma heating is clearly seen by
comparing the time traces forTe0and the plasma stored energy at the
same RF power,PICRF¼4 MW. The novel ICRF scenario was also
effective in generating highly energetic3He ions in the plasma, as
testi“ed by an increased sawtooth period (the presence of fast ions is
well known to have a stabilizing effect on sawteeth27) and the excita-
tion of Alfv�en eigenmodes (AEs).18

The high ef“ciency of this novel ICRF scenario was indepen-
dently con“rmed on the world-largest tokamak currently in operation,
JET (R0� 3 m,a� 1 m). Due to its larger size and higher plasma cur-
rent, multi-MeV3He ions are well con“ned in JET and, thus, effective
plasma heating was achieved at even lower3He concentrations than
in Alcator C-Mod. Figure 2(a)shows an overview of JET pulse
#90758 (3.2 T/2 MA,ne0� 4� 1019 m� 3, f ¼32.2…33.0 MHz), where
n(3He)/ne� 0.2% was successfully controlled by the3He real-time
control system (RTC), measuring its concentration at the plasma
edge.12,28Multi-MeV range3He ions were generated in those experi-
ments, as con“rmed by a suite of fast-ion diagnostics at JET, including
gamma-ray spectroscopy.29 Similar to Alcator C-Mod results,
long-period sawteeth and3He-driven tornado toroidicity-induced AE
(TAE) modes30were observed in JET experiments.

Figure 2(b)illustrates that the three-ion ICRF scenario is also ef“-
cient for plasma heating at higher3He concentrations (#90756). At the
start of this pulse, the3He concentration was kept at a very low level
� 0.2% by the3He RTC system. The measuredTeandTi pro“les 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 of3He
ions was gradually increased to� 1.5%, ef“cient plasma heating
continued to be observed, demonstrating the robustness of the heating
scenario to variations inn(3He)/ne within this range and to inherent
uncertainties with measuring the3He concentration in the core
regions of the plasma. Although JET has a limited experience with the
application of this scenario at3He minority concentrations of� 1%,
these “rst 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,PICRF� 4.4 MW,þ p/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-MeV3He 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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