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[bookmark: _Toc128902242]Abstract
This paper is a broad overview and a summary of the recent progress achieved in Ion Cyclotron Range of Frequency (ICRF) Systems, Experiments and Modeling during the last twenty years in magnetic confinement fusion experiments. It has been written mainly for students or newcomers in this exciting field and introduces the different applications and lists the main detrimental effects associated with the use of ICRF in magnetic fusion experiments. Modelling techniques and state-of-the-art ICRF systems are described. Recent results obtained with ICRF in fusion plasma experiments are summarised. Planned ICRF projects such as ITER or future fusion reactors and the remaining issues that remain to be solved are detailed.
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[bookmark: _Toc128902244]Introduction
With the goal to one day produces electricity from thermonuclear fusion power, magnetic confinement fusion uses magnetic fields to stabilise the high-temperature plasma over long time scales (Wagner 2018; Ongena et al. 2016; Kikuchi et al. 2012). Whatever the fusion mixture and the confinement scheme chosen, auxiliary heating techniques are mandatory to raise and eventually maintain the ion (and electron) temperature to achieve a sufficient amount of fusion reactions. For Deuterium-Tritium reactors, a temperature of 10 to 20 keV is required. Several auxiliary heating systems have been developed in the history of fusion experiments, and two broad types are used, namely neutral beam injection and radiofrequency methods (Fundamentals of Magnetic Fusion Technology 2021). The former involves the injection of high-energy beams of neutral atoms that can cross the machine's magnetic field and transfer their energy to the plasma via charge exchange reactions. The latter involves the coupling of electromagnetic waves excited by antennas located in the vicinity of the plasma to plasma waves that propagate and ultimately transfer their energy to the plasma's charged particles (Dumont 2021). 
Among the radiofrequency methods, many concepts have been tested in the history of magnetic fusion research (Granatstein and Colestock 1985; Golant and Federov 1989; Cairns 1991). As the size and complexity of the fusion machines increased, a selection occurred on the kinds of selected RF systems, constrained by the obtained performance, cost considerations, the know-how of the time, and the people in charge experience. Nowadays, the main RF systems used in large fusion experiments are Ion and Electron Cyclotron Resonance Heating (ICRH and ECRH) and Lower Hybrid Current Drive (LHCD). As these RF systems are not used only for plasma heating or current drive respectively, they are commonly designed using the generic terms Ion and Electron Cyclotron Range of Frequency (ICRF and ECRF) and Lower Hybrid Range of Frequency (LHRF).
Nowadays, ICRF is the RF heating scheme whose highest powers have been transferred to a magnetised plasma, with, for example, up to 22 MW in JET in L-mode (Wade et al. 1992; Jean Jacquinot, Putvinski, and Bosia 1999). ICRF is used in almost all present-day tokamaks and stellarators at a multi-MW level and is likely to play an essential role in next-generation experiments and fusion reactors. Additional applications of ICRF than plasma heating are developed in the next section and deeply discussed in (Wilson and Bonoli 2015; Ongena et al. 2017; Jean-Marie Noterdaeme 2019).
This paper is a broad overview and a summary of the recent progress achieved on ICRF during the last twenty years in magnetic confinement fusion experiments. It has been written mainly for students or newcomers in this exciting field. The reader is encouraged to dive into the references used in this paper to learn more information and details. Section 4 introduces the different applications of ICRF in magnetic fusion experiments. No system is perfect, and Section 5 lists the main detrimental effects associated with the use of ICRF. Section 6 describes the various parts and the state-of-the-art of an ICRF system. Section 7 is dedicated to the modelling techniques, and Section 8 summarises the most recent results obtained with ICRF in fusion plasma experiments. Finally, Section 9 describes the future ICRF projects in the subsequent fusion machines such as ITER and future fusion reactors as well as some issues that remain to be solved.
[bookmark: _Ref101286043][bookmark: _Toc128902245]Applications of Ion Cyclotron Range of Frequency
[bookmark: _Toc128902246]Plasma Heating
[bookmark: _Toc128902247]Ion Cyclotron Heating Schemes
Plasma magnetic confinement experiments use magnetic fields for electrons and ions to follow and gyrate around magnetic field lines (Wesson and Campbell 2011; Freidberg 2007). Looking in the direction opposite the magnetic field, ions and electrons rotate in the clockwise and counter-clockwise directions, respectively. The cyclotron frequency  (or, equivalently, the gyrofrequency ) corresponds to the number of cycles a particle of electric charge  and mass  completes around its circular trajectory every second in a magnetic field of magnitude . The magnitude of the magnetic field of past and present-day experiments leads to ion cyclotron frequencies between 10 to 100 MHz.
The resonances that could arise between the natural cyclotron motion of an ion in a static magnetic field with an electromagnetic wave having the same (gyro)frequency have been identified early in the magnetic fusion research as a bulk plasma heating method (Berger et al. 1958; Thomas H. Stix and Palladino 1958). These processes occur when the wave frequency f=ω/2π, defined by the RF power source, matches the condition :

[bookmark: _Ref98078529]( 1 )
where p is a positive integer (),  is the parallel wavenumber of the RF wave and  the ion parallel velocity along a field line. The term  is the wave Doppler-shift gyrofrequency correction. The case p=1 is known as fundamental cyclotron frequency damping, while cases p>1 are known as harmonic damping. In magnetic confinement experiments, such as Tokamak or Stellarators, the confinement magnetic field  has a spatial dependence so that these conditions only occur in localised spatial regions of the plasma.
Experimental confirmations rapidly confirmed the theoretical findings (T. H. Stix and Palladino 1958; Thomas H. Stix and Palladino 1960; Hooke et al. 1961; Rothman et al. 1969). Hot plasmas being weakly collisional, ICRF plasma waves, known as fast (magnetosonic) waves, are damped in the plasma core mainly by two non-collisional wave-particle resonant damping mechanisms on both ions and electrons (Becoulet 1996). The wave power is damped on one or several thermal species, resulting in an increase of their kinetic energies and the creation of energic particle populations. These populations then heat the plasma from collisional relaxations (Dumont 2021). Depending on operating conditions, the electrons can absorb a very substantial part of the power by Landau damping/Transit Time Magnetic Pumping or linear mode conversion to Ion Bernstein Waves (IBW) (Thomas H. Stix 1965; M. Brambilla and Ottaviani 1985; Mantsinen, Mayoral, et al. 2003).
[bookmark: _Toc128902248]Minority Heating
The plasma heating physical mechanisms at play at the ion cyclotron resonance are not as evident as the naming seems to imply. They are reviewed in more detail in references (F. W. Perkins 1984; Becoulet 1996). In a single species plasma, the plasma wave carrying the RF power from the edge to the plasma centre has two possible circularly polarised components. The first one rotates in the direction of the cyclotron rotation of the ions, while the second one rotates in the opposite direction. Hence, for a particular couple of the magnetic field magnitude and the RF frequency, a rotating ion can see in its frame of reference a constant electric field that can accelerate (or decelerate) it, depending on the phase of its electric field (i.e. its direction) to the instantaneous speed of the ion. 
However, at the location of this resonance, the amplitude of the former component, whose electrical field is rotating in the direction of the ions, vanishes, and then no absorption occurs (Porkolab 1994). The reason is that the polarization is mainly influenced by the dominant plasma species while the absorption is reigned by the resonant species  (T. H. Stix 1975). Hence, the composition of the plasma can highly affect wave polarization. The problem is overcome if the dominant species is different from the resonant species. Hence, if a second ion species, called the minority species, is added into the plasma with a much lower concentration than the dominant one (typically a few per cent), then the component of the wave with the right polarisation at the resonance (of the resonant species) is different from zero and efficient heating of the minority species can take place. In addition, if the minority is small enough, the ion-ion hybrid resonance layer is also close to the fundamental resonance layer and locally enhances the magnitude of the right polarisation component, increasing further the heating efficiency (F. W. Perkins 1984). Once absorbed, the minority species transfers its energy to the bulk plasma by Coulomb collisions. This method is called minority heating and is still the most used in tokamaks (Jean Jacquinot, Putvinski, and Bosia 1999; F. W. Perkins 1984). In current experiments, it is widespread to heat hydrogen in deuterium plasmas, with a typical concentration of hydrogen of about 1 to 20%. Experiments made on JET with ITER-like plasma-facing components show that the plasma energy reached per MW of RF power at constant density is typically optimum for hydrogen concentration in the range of 5 to 15% and degrades for higher concentrations (Lerche, Eester, et al. 2014). Similar experiments on other machines showed optimal absorption conditions for Hydrogen concentrations between 4 to 8% on WEST (Urbanczyk et al. 2021) or below 10% on KSTAR (Lee et al. 2021). 
The ICRF plasma heating efficiency can be increased when used in combination with neutral beam injection. This enhancement is attributed to both the lower collisionality of the preheated plasma using neutral beam injection and the Doppler-shifted ion-cyclotron resonance absorption of the fast beam ions (Lerche et al. 2009). In such a situation, RF power can be eventually absorbed away from the resonance layer due to enhanced Doppler shifts. It is also important to mention that a non-negligible fraction of the power, 20-25% for example on JET (Lerche, Eester, et al. 2014), is lost in the various plasma edge loss mechanisms. These processes are an important research topic and are reviewed in Section 5.
While successfully used in current experiments, the minority heating scheme at the fundamental harmonic of the cyclotron resonance of hydrogen (or helium-3) is not desirable in a D-T fusion reactor. Indeed, as Deuterium and Helium-4 (alpha particles) have the same charge over mass ratio, their cyclotron frequency is hence identical, and alpha-particles created from D-T fusion reactions will be heated by second harmonic heating (cf next section) with a strong absorption (Hellsten et al. 1985). Further accelerating alpha-particles is not desirable in a fusion reactor as the latter relies on alpha-particle slowing down as the main heating schema in ignited plasma (Dumont and Zarzoso 2012). To avoid this drawback, other minority species heating schemes are envisaged and have been tested, such as minority 3He on Deuterium or Hydrogen plasmas, relevant to ITER (Eester et al. 2009; 2012). More advanced heating schemes are also possible and are reviewed in the following sections.
[bookmark: _Toc128902249]Higher harmonics and combined schemes
It is possible to use higher harmonics of the ion cyclotron frequency  to heat the plasma ions, i.e.  with p>1. This method is called harmonic heating and has been combined with minority heating since the beginning of ICRH experiments (J. Jacquinot, McVey, and Scharer 1977; Hosea et al. 1979). The theoretical analysis shows that good accessibility persists and that a reasonable portion of the wave has the proper in-phase polarisation for strong wave-particle resonance. However, the damping rate depends sensitively on temperature and density and thus is not as robust and reliable as one might like. Second-harmonic heating of 3He in a deuterium plasma can also be used to study fusion and α-particle confinement without creating a large neutron flux (Hellsten et al. 1985; Mantsinen, Eriksson, et al. 2003).
When multiple antennas are available, multiple-frequency ICRF heating schemes can be combined for ion bulk heating to benefit from synergetic effects from various fast ions populations, eventually also from neutral beam injected ions (Mantsinen et al. 2021; V. Bobkov et al. 2020). Dual H and 3He minority heating on Deuterium plasma experiments have been carried out on JET and ASDEX Upgrade as a scenario relevant for ITER (Mantsinen et al. 2021). Another possible combination involves 3He minority heating combined with the second harmonic heating of tritium in D-T plasmas, a scheme also relevant to ITER.
[bookmark: _Toc128902250]3-Ion Schemes
Fusion plasmas are intrinsically multi-ion species plasmas, intentionally or not, because of the impurities coming from the plasma-facing components or the neutral beam ions. This state of fact can be used as an asset by intentionally considering ICRF heating scenarios with three ions to integrate a minority heating with mode conversion scenarios. A mix of two majority ions leads to a mode conversion layer where the amplitude of the wave's electric field with the right polarization is increased. Locating this layer at the position of the resonance of a third minority species can lead to high absorption by this minority and highly accelerated ions (Kazakov et al. 2015). This heating scheme has been validated on Alcator C-Mod (Kazakov et al. 2017), ASDEX (V. Bobkov et al. 2020) and JET (Kazakov et al. 2021). Such scenarios can be used as a source of high-energy ions in stellarators and mimic alpha particles, such as in the non-activated phase of ITER (Kazakov et al. 2015), and are promising for ITER and fusion reactors to provide efficient bulk heating using their intrinsic operational impurity species, such as Beryllium (Ongena et al. 2017).
[bookmark: _Toc128902251]Wall Conditioning
The operation of ITER and future fusion reactors is subject to compliance with a strict safety limit on the in-vessel Tritium inventory (T. Wauters et al. 2020). The ability to control and remove Tritium from the plasma-facing materials is thus essential. In addition, superconducting coils producing permanent high magnetic fields for days or weeks prevent glow discharge conditioning, which is presently one of the preferred methods for wall-conditioning (Mantsinen, Eriksson, et al. 2003). On the contrary, Wall Conditioning initiated with Ion Cyclotron waves (ICWC) or Electron Cyclotron waves (ECWC) is fully compatible with magnetic fields and helps recover from disruptions in a tokamak, radiative collapses in a stellarator or vacuum and water leaks. 
Experimental comparisons showed that ICWC removes more particles faster than ECWC in the tokamaks TEXTOR, Tore Supra, ASDEX-Upgrade and JET (Lyssoivan et al. 2011; T. Wauters et al. 2011; Douai et al. 2015) and stellarator WEGA (T. Wauters et al. 2014). ICWC operations showed the highest Tritium release rate in LHD compared with glow discharges or ECWC (Tanaka et al. 2021). In JET, while baking alone removed a significant amount of fuel, the subsequent ICWC and glow discharges sessions removed slightly higher amounts than found previously in isotopic changeover experiments with the vacuum vessel at 200°C (Tom Wauters et al. 2022). An ICWC system is under development for W7-X (Schweer et al. 2017; Castaño Bardawil et al. 2021). ICWC is considered to mitigate the Tritium inventory build-up in ITER (Douai et al. 2015).
[bookmark: _Toc128902252]Plasma Startup
Superconducting poloidal field coils in tokamaks require low loop voltage plasma startup to reduce the heating due to eddy currents in the central solenoid (Mueller 2013). In ITER, the inductive field is limited to 0.3 V/m for its startup phase. Thus, plasma startup at low inductive or completely non-inductive current is an important research topic for superconducting tokamaks such as JT-60SA or ITER. 
To address this challenge RF systems can be used to inject RF waves, typically ECRF, into the vacuum chamber to initiate plasma discharges robustly and reliably in the presence of a toroidal magnetic field (Jackson et al. 2007). ITER will start its operation at 1.8 T to commission the plasma control system, achieve H-mode more efficiently and test ELM mitigation techniques (M. Schneider et al. 2019). At this low field, the breakdown may be more challenging to achieve as the connection lengths of the open magnetic field lines are shorter compared to half-field and full-field operations. Additionally, at 1.8 T, the efficiency of the ITER 170 GHz ECRF system used on the third harmonic resonance remains an open issue. Hence, following successful experience in TEXTOR (Koch et al. 2005) and more recently in LHD (Kamio et al. 2021), ICRF pre-ionisation is suggested as a possible solution.
[bookmark: _Toc128902253]Current Drive
Steady-state tokamak operation relies upon the drive and sustainment of a significant fraction of the toroidal current by non-inductive methods (Fisch 1987). While LHRF and to a lesser extent ECRF are currently the main RF current drive actuators in current experiments, several schemes involving RF waves in the ICRF have also been proposed and evaluated. Among these methods, fast-wave current drive (FWCD), also known as Ion Cyclotron Current Drive (ICCD), is obtained by exciting the fast magnetosonic wave with a toroidally asymmetric antenna spectrum (Bilato et al. 2002; Mantsinen, Eriksson, et al. 2003; Bilato, Brambilla, and Fable 2014).
In current machines, the ICRF electron current drive efficiency is modest in the usual frequency range (20-75 MHz) and affected by significant parasitic damping by alpha-particles (Bilato et al. 2002; Bilato, Brambilla, and Fable 2014). However, the situation is different in reactor-grade plasmas such as ITER or fusion reactors, where the large electron temperature significantly enhances the current drive efficiency (Dumont and Zarzoso 2012; Kazakov, Van Eester, Wauters, et al. 2015). In addition, operating at a much higher frequency would also be beneficial, while the antenna's location becomes an important point to consider to avoid parasitic alpha-particles heating (Lerche, Van Eester, et al. 2014). Higher frequency fast waves, nowadays better known as "whistler" or "helicon" waves, allow a better penetration (higher accessibility) up to mid-radius in reactor-grade plasmas in comparison to LHRF (slow) waves (Pinsker 2015). For this reason, this topic is the object of a renewed interest in current experiments (Wi et al. 2018; J. Kim et al. 2021; X. Li et al. 2020; Jingchun Li et al. 2020; Ganji et al. 2022; Torreblanca et al. 2019).
[bookmark: _Ref97369336][bookmark: _Toc128902254]Detrimental Effects
[bookmark: _Ref99810071][bookmark: _Toc128902255]Impurity Production
Despite its relatively good performance (Steinmetz et al. 1987), ICRF is also known for long to have detrimental effects, including the generation of metallic impurities in the plasma (Adam 1987; J -M Noterdaeme and Oost 1993; F. W. Perkins 1989). Early ICRF experiments have reported non-linear interactions between high-power RF waves and edge plasma, leading to an influx of impurities that prevented efficient heating of the plasma (Rothman, Sinclair, and Yoshikawa 1966). As radiative losses go as the square of the electric charge of the ions, heavier metal impurities impair the fusion power budget more than light elements. This problem of impurities had been partly solved in previous experiments by using graphite limiters and carbon-coated metallic surfaces. However, due to gas retention issues, these materials cannot be used in a future fusion reactor, and plasma-facing components equipping the experimental devices have been progressively changed to metallic ones, highlighting the impurity problem again (Ongena et al. 2017). Since then, despite improvements in antenna design and plasma operation that substantially reduced these undesirable phenomena, it remains a critical operational limitation of ICRF (Jean-Marie Noterdaeme 2019). While the problem has been partially solved with the latest generation of antennas (see Section 8), it remains an important research topic. 
Because of their mass difference, ion and electron motions behave differently along magnetic field lines: electrons accumulate faster than ions on Plasma Facing Components (PFC) and form a thin, negatively biased layer that repulses electrons and attracts ions. This attraction increases the parallel energy of ions attracted into the wall and thus enhances the ion bombardment of the PFC. Ions impacting the PFC can cause sputtering of impurities that can reach and contaminate the plasma. In addition, when released, light impurities can lead to enhanced wall sputtering, increasing further the core plasma contamination with high-Z impurities (Dux et al. 2009; V. Bobkov et al. 2009). In the presence of RF waves parallel to the magnetic field lines driven by the ICRF antenna (which can be induced by the Slow-Wave polarisation), sheaths are enhanced. Instead of being constant in time, the DC potential drop across the sheath is then the superposition of a DC component and RF oscillations, called RF-induced sheath rectification (F. W. Perkins 1989). This mechanism has been identified as a significant cause of the increased interaction with the wall and is still an intense research topic (Colas et al. 2019; V. Bobkov et al. 2019; Křivská et al. 2019). RF sheaths can form when a magnetic field line makes a connection between two points on the antenna surface or the nearby plasma-facing components. These are qualified as “near-field” RF sheaths. RF sheaths can also form by the RF waves propagating between the plasma and the vacuum chamber, for example, in case of weak damping In the plasma, and are known as “far-field” RF sheaths.
Furthermore, the rapid variation of the rectified potential across the equilibrium magnetic field can cause significant convective transport (E × B drifts) in the scrape-off layer region (Wei Zhang et al. 2021). A review of the experimental characterization of ICRF-induced edge plasma modifications over the past 20 years of various tokamaks worldwide and on the LArge Plasma Device (LAPD) has been recently published (Colas et al. 2021). An extensive overview of the RF sheath concepts has also been recently published (Myra 2021).
[bookmark: _Toc128902256]Edge Plasma Modifications
ICRF wave fields drive plasma drifts and change the edge plasma density, perturbing antenna-plasma coupling and wave propagation, while edge plasma also rectifies the RF near-antenna electric field, contributing to these perturbations in a non-linear way (W. Zhang, Tierens, et al. 2017). These modifications might also perturb the operation of other actuators, such as LHRF wave coupling and generate hot spots (Colas et al. 2007; Ekedahl et al. 2007). 
ICRF waves scatter at density inhomogeneities such as density filaments (blob) in high harmonic fast wave regimes (R. J. Perkins et al. 2012). This scattering can redirect part of the power from the perpendicular direction to the parallel direction and enhance the resistive losses on the antenna limiters and RF sheaths on the magnetically connected elements of the wall (W. Tierens, Zhang, et al. 2020; Wei Zhang, Tierens, and Usoltceva 2020; W Tierens et al. 2022).
[bookmark: _Toc128902257]Coaxial Mode and Surface Waves
Transverse Electric and Transverse Electromagnetic modes can be excited by ICRF antennas in the scrape-of-layer region between the wall and the plasma edge for parallel wavenumber components |k//|<k0  where k0 is the vacuum wavenumber (A. Messiaen and Maquet 2020; A Messiaen, Maquet, and Ongena 2021; Maquet, Druart, and Messiaen 2021; Wouter Tierens and Colas 2021). For plasma with large edge density gradients, the plasma behaves for these modes as the central conductor of a coaxial line, hence the name of these modes. Coaxial modes propagate in the toroidal direction, between the vacuum vessel and the Lower Hybrid resonance layer. In addition, surface waves can propagate toroidally and poloidally in the edge region on the surface corresponding to the LH resonance. A large radial electric field characterizes both fields, which can excite RF sheath at locations far from the antenna, eventually even not magnetically connected, further contributing to impurity releases.
[bookmark: _Toc128902258]Arcs
RF breakdowns and arcs are recurrent problems in high RF power applications such as magnetic nuclear fusion experiments. A vacuum arc is defined as an electric discharge occurring between two electrodes in vacuum (Timko 2011). In the context of RF heating and current drive for tokamaks, electrical breakdown almost always means a vacuum arc affecting RF systems and both terms are generally used with the same meaning. 
Recent experimental and modelling works performed for accelerators argue that vacuum arcing can be explained by the properties of surface cracks and unipolar (or cathodic) arcs, striking between one solid electrode and plasma and explained from the following steps (Insepov and Norem 2013; Norem, Hassanein, and Insepov 2019): 1) An initial mechanical failure/cracks of the surface due to fatigue, producing detached fragments; 2) High external electric field is applied, locally enhanced at the failure/cracks location (known as emitters); 3) Electrons extracted from field emission or secondary emission[footnoteRef:1] further ionize these fragments; 4) A local plasma is initiated, controlled by the plasma sheath and material properties; 5) The plasma density increases exponentially up to some equilibrium state, during which local temperature increases due to ion bombardment/current hitting the wall, eventually melting it. Ion-induced sputtering is a source of additional ions for the plasma; 6) The arc produces additional surface damage due to heating, melting, and cooling, which can further initiate new arcs. [1:  Field emission is an electron tunnelling effect induced by an electric field. Secondary emission is a phenomenon where primary incident particles of sufficient energy, when hitting a surface or passing through some material, induce the emission of secondary particles, mostly electrons called secondary electrons.] 

As noted in step 3, both field emission and secondary emission have been identified as the primary mechanism leading to an increase in the electron population, which further causes ionization and electron avalanche (Höhn et al. 1997). The leading cause depends on the geometry, the RF frequency at play and the material properties (roughness, work function, secondary emission) and history (contamination, dust, etc.), but also the background DC magnetic field (Caughman et al. 2007). It is generally admitted in the fusion community that field emission is the primary mechanism limiting ICRF power at high power, while it is primarily secondary emission triggered by the multipactor effect for LHRF (M. Goniche et al. 2014; Wukitch et al. 2004). However, multipactor can also affect ICRF systems at relatively low power (~1-10 kW), especially during RF conditioning phases. Multipactor can cause surface heating, gas desorption and physical damage (Kishek et al. 1998; Graves, LaBombard, et al. 2006). Multipactor can also provide electrons seeding glow discharges even far below the expected Paschen breakdown pressure and eventually breakdowns if not stopped (Graves, Wukitch, et al. 2006). 
If the energy source that gave birth to the arc is not stopped, the arc can continuously burn. In general, the arc will tend to move towards the RF source, as the electrons in the arc are attracted to the source of the electric field. The arc movement will be also affected by the presence of a magnetic field, following a retrograde motion in the JxB direction (Wesson and Campbell 2011). 
[bookmark: _Ref101286157][bookmark: _Toc128902259]ICRF Systems
ICRF, like any RF heating and current drive system, share the following requirements: 1) Some high-power RF generators that transform electrical power into electromagnetic power; 2) Transmission Line elements to transport the electromagnetic power from the generators to the antennas; 3) Antennas to couple the electromagnetic power to plasma waves; 4) Wave propagation and absorption on ions or electrons by wave-particle interactions. The following sections review the recent progress on each of these topics.
[bookmark: _Toc128902260]RF Generators
The conversion from electric to electromagnetic power in the Ion Cyclotron Range of Frequencies is carried out using a series of amplifiers. For a given frequency, the RF signal generated by an oscillator (<20 mW) is amplified up to 1 to 3 MW through multiple power amplification stages, typically 3 or 4. Electronic tubes, known as tetrodes or diacrodes, are still used for the last stages of amplification, while nowadays, solid-state amplifiers are used for the intermediate ones (Cairns and Phelps 1996; Benford, Swegle, and Schamiloglu 2007). Table 1 lists the current existing or planned ICRF systems.
	Device (Country)
	Frequency range (MHz)
	Max Plant Power (MW)
	Reference

	LHD (Japan)
	25-100
	8 (4 generators)
	(Kenji Saito, Seki, et al. 2020)

	ASDEX Upgrade (Germany)
	30-120
	10 (5 generators)
	(Faugel et al. 2005; 2020)

	JET (UK)
	23-57
	32 (16 generators)
	(Graham et al. 2012)

	EAST (China)
	25-70
	12 (6 generators)
	(Mao et al. 2013)

	WEST (France)
	46-65
	9 (6 generators)
	(J. Hillairet et al. 2021)

	SST1 (India)
	20-30,45.6,91.2
	3 (3 generators)
	(Bora et al. 1999)

	NSTX (USA)
	30
	6 (6 generators)
	(LeBlanc et al. 2001)

	ITER (planned)
	40-55
	24 (8 generators)
	(Mukherjee et al. 2015)

	SPARC (USA, planned)
	120
	25 
	(Rodriguez-Fernandez et al. 2022)

	DTT (Italia, planned)
	60-90
	4 (1st phase)
	(Ravera et al. 2021)


[bookmark: _Ref97481042]Table 1. Current existing or planned ICRF Systems
Ongoing R&D addresses the development of the ITER ICRF sources. The specifications of these sources are a power capability of 2.5 MW/CW at VSWR 2:1 in the frequency range 35–65 MHz or 3.0 MW/CW at VSWR 1.5:1 in the 40–55 MHz band, along with additional requirements on transient VSWR, frequency deviations and harmonic levels (Mukherjee et al. 2015; 2016). As no unique amplifier meets these specifications, two chains of three-stage amplifiers will be combined using a 4-port wideband power combiner. Operating at these high power and VSWR levels in a steady-state regime brings new thermal management challenges and source stability (Chakraborty et al. 2019).
Ion cyclotron was often promoted as the "cheapest" RF scheme since it has the advantage of operating in a frequency range where high power sources were readily available for MF to VHF frequency bands. However, this assertion should be moderated nowadays. As bandwidth demand in radio and telecommunications led to an increase of the frequencies, which comes with higher propagation losses, leading to shorter ranges and the multiplication of lower (but more numerous) power sources, the demand for high power transmitters tubes has been progressively dropped. Low-power semiconductor amplifiers are now used to fill a part of the demand remaining from the plasma-surface industry. However, they can only produce moderate RF powers, typically a few tens of kW. Vacuum tubes are still necessary for hundreds of kW and MW ranges of RF power, and only a couple of high-power vacuum tube manufacturers now remain.
[bookmark: _Toc128902261]Transmission Lines Elements and Vacuum Feedthrough
The transport of the RF power in the ICRF is assured with rigid coaxial transmission line elements. These components are commonly available with characteristic impedances of 30, 50 or 75-Ohm. 30-Ohm lines maximize the power handling while 75-Ohm lines minimize the attenuation (Pozar 2012). In between, 50-Ohm lines are a compromise between power handling and attenuation. The RF current density is larger on the inner conductors than on the outer conductors. The former are generally made in copper to minimise RF losses, while the latter are often made of aluminium. These coaxial lines are usually filled with dry air or nitrogen up to a few atmospheres to reduce the dielectric voltage breakdown threshold. Despite relatively low RF losses, handling high power during long pulse durations can be limited by the temperature and the thermal expansions of the conductors. Forcing dry air or nitrogen flow between inner and outer conductors is not always sufficient to cool them, and active water cooling is then necessary.
In ITER, four transmission line components carry the power from the RF sources to each antenna. Each line has to carry up to 6 MW at VSWR 1.5:1 in continuous conditions (Goulding et al. 2014). The inner conductors are cooled by nitrogen gas pressurized at 3 bar absolute and circulating at a velocity of 3-6 m/s. The RF power is then divided nearly equally by hybrid power splitters, which also serve for ELM resilience (see section 6.5), before entering the pre-matching stages and then the antenna. 
Testing new transmission line components at the MW level in continuous operation and up to the expected voltages and currents before connecting them to the high-power RF sources requires specific test facilities. Dedicated programs have been set up by the domestic agencies in charge of providing these components (Jha et al. 2015; 2020; Goulding et al. 2014) or in the frame of specific R&D programs (Bernard et al. 2011). A Traveling-wave resonator has been realized by US-ITER DA to produce 6 MW circulating power for an input power of 340 kW and used to test gas barriers up to 3600 s (Goulding et al. 2014). RF contacts, initially foreseen in the ITER antenna design, have been tested in a resonant resonator at 62 MHz up to 1700 A during 1200 s but not to the targetted specifications for ITER (Julien Hillairet et al. 2015; J. Hillairet et al. 2018; Z. Chen et al. 2017). 
As the transmission line elements are pressurised with inert gas or dry air to increase breakdown voltage limits, feedthroughs (or "windows") are required to connect them to an antenna located inside the vacuum chamber. These components use ceramics that are mostly transparent to the RF waves but ensure the tightness between pressurised and vacuum regions. In the range of frequency considered for ICRF, alumina offers the best compromise between ease of manufacturing/handling and RF dielectric losses and thermal conductivity. In a fusion reactor, neutron radiations are expected to increase ceramics dielectric losses and decrease thermal conductivity (Zinkle 1994; Leonard, Goulding, and Zinkle 2007). For this reason, feedthroughs should be located in regions where the neutron flux is as low as possible. Intense R&D is currently ongoing to develop and test the ITER vacuum feedthroughs.
[bookmark: _Toc128902262]Antennas and Coupling Elements
To excite the fast wave in the ICRF as required for plasma heating, the RF wave electric field needs to be perpendicular to the directions of the magnetic field and the direction of the antenna-to-plasma core. In this range of frequencies, the wavelength of the electromagnetic waves is of an order of a few meters, so larger or the same order as the machine size. Hence, ICRF antennas usually consist of an array of loop radiators similar to strip lines, or straps, on which flowing RF current JRF excite waves directly inside the vacuum vessel (Figure 1). These straps are oriented perpendicularly to the direction of the magnetic field B0 to excite the fast waves dominantly in the plasma. For practical reasons of available space and maintainability, antennas are generally located on the low-field side of the machines. As the antennas have a characteristic toroidal size of tens of centimetres to meters, smaller than the wave wavelength, most plane waves excited by the antenna are evanescent in vacuum. Hence these waves are evanescent in the plasma edge and have to tunnel through a layer in the plasma edge until reaching a region where the plasma density is higher than a specific value, known as the cut-off density, for the fast wave to propagate. This distance between the antenna and the region where the fast-wave start to propagate is thus a crucial parameter to act on the coupling performance. For this reason, antennas are generally made as conforming as possible to the plasma to minimise the distance from the straps to the plasma. Once coupled, fast waves propagate to the plasma core and are eventually absorbed through the various collisionless damping mechanisms occurring when the resonance condition ( 1 ) is fulfilled.
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[bookmark: _Ref90138037]Figure 1. Simplified schematic of a classic ICRF antenna in a tokamak.
The effectiveness of Fast wave coupling is, in practice, measured by the total power radiated by an antenna to a given plasma. A frequent figure of merit used to quantify the coupling is the coupling or loading resistance Rc, defined as the ratio between the time-averaged radiated power Prad to the integral of the RF current on the straps JRF over the arc length along a strap:
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Hence, the total active power radiated Prad in the plasma is proportional to |JRF|2. The reference study (A. Messiaen and Weynants 2011) highlights the critical physics phenomena contributing to the coupling. It is shown that the following plasma density profile characteristics are decisive: (i) distance between the antenna straps and the wave cutoff density dc, (ii) position of an optimum density with respect to the cutoff one and (iii) the density gradient leading from this optimum density to the plasma bulk. It is also shown that slight modifications of the plasma profile can lead to substantial coupling variations for the same antenna-cutoff distance. 
The amplitude and phase distribution of the flowing RF currents JRF on these straps and the antenna geometry shape the wavenumber spectrum ERF(k) excited by the antenna. The phase relation between the currents JRF on the straps in the toroidal direction is achieved by setting a phase difference at the sources. Shaping this phase allows preferentially exciting a particular portion of the parallel (to the magnetic field direction) wavenumber k// spectrum (Figure 2). A toroidal phase between straps of 0° is known as monopole phasing and 180° as dipole phasing. A toroidally symmetric spectrum such as dipole is beneficial for pure plasma heating (Hellsten et al. 2005), while an asymmetric spectrum (+/- 90°) is better suited for co- and counter-current drive (Eester, Louche, and Koch 2002). The phase relation between straps in the poloidal direction depends on the antenna geometry and its feeding circuit. It is shown in (A. Messiaen et al. 2010; Vallejos et al. 2019) that the poloidal phasing affects both coupling and heating performance: i) the coupled power is asymmetric with respect to the poloidal phasing and ii) better heating performance is obtained for a poloidal phasing of -90° than +90° (with an optimum around -30° which depends on the plasma profile), both being caused by the plasma gyrotropy.
[image: ]
[bookmark: _Ref127721836]Figure 2. The effect on the propagation of the fast wave inside the plasma for two different toroidal phasings of the antenna with an array of four straps (Ongena et al. 2017).
The coupling efficiency also depends on the k// spectrum excited by the antenna, as the cut-off density depends on the parallel wavenumber k//. Thus, the coupling resistance Rc scales as:

where α is a constant representing the plasma density and its gradient, and <kx> is a characteristic factor that can be interpreted as a mean value of the wavenumber in the radial direction kx, where kx2= k//2+ky2-k02, over the radial interval between the strap and the cut-off distance dc (Clairet et al. 2004).
In practice, the parameters in equation (2) cannot be measured directly. Hence, a conveniently simple (but very simplified) way to quantify the coupling resistance is to assume each strap as a lumped resistance Rc fed by a lossless transmission line of characteristic impedance Z0. In this case, the time-averaged power Pt transferred to the load is:

where Pfwd and Pref are the forward and reflected power to and from the load and Imax and Vmax are the maximum peak RF current and voltage in the transmission line. Solving for Rc gives an expression that can be measured from RF power and voltage or current measurements.:

where SWR stands for the Standing Wave Ratio and is defined by SWR=Vmax/Vmin (Pozar 2012).
Assuming a strap to be an isolated lumped resistance is questionable for arrays of N straps, where mutual coupling between the straps occurs (Monakhov et al. 2018). Hence, in some ICRF systems, voltages are averaged between conjugated elements. Furthermore, the coupling resistance definitions and measurements depend on each ICRF system and cannot generally be compared directly between machines or even between ICRF systems of the same machine.
To improve ICRF coupling, an increase of the local density in front of the antenna with the help of localized gas injection can bring the position of the cut-off density closer to the antenna (Lerche et al. 2015). Experiments have been performed under the coordination of the International Tokamak Physics Activity (ITPA) on several tokamaks, including ASDEX Upgrade, JET and DIII-D, to characterize the increased ICRF antenna loading achieved by optimizing the position of gas injection relative to the RF antennas while disturbing the plasma core as little as possible (Jacquet et al. 2016). The antenna loading was increased by up to 50% on these machines when injecting deuterium in ELMy H-mode plasmas from mid-plane inlets close to the powered antennas. More minor improvements were found when using gas inlets located at the top of the machine. Localized gas injections are also beneficial for reducing tungsten sputtering on ASDEX-Upgrade antenna limiters and slightly reducing tungsten and nickel content in JET (Jacquet et al. 2016).
Recent progress has been made in antenna design, mainly to reduce impurity production. These advances are discussed in section 8. 
[bookmark: _Toc128902263]Faraday Screen
It was identified early that ICRF coupling structures do not excite only Fast-Waves but also Slow-Waves (Evrard and Weynants 1982). Slow-Waves are produced by RF currents parallel to the magnetic field and by oscillating space charges on the antenna structures. For this reason, early ICRF experiments introduced an electrostatic shield, often called Faraday Screen (England et al. 1989). 
A Faraday Screen is formed by an array of metallic strips (or bars) aligned with the total magnetic field (Bureš et al. 1990). By screening the electric field components parallel to the strips/bars it aims to act as a polariser to filter out the undesirable slow waves. A denser screen better isolates the central conductor of the antenna from the plasma, but it also causes significant magnetic shielding and enhances Ohmic losses in the screen (Faulconer 1983). In conjunction with plasma heat flux removal, these losses require the faraday screen to be actively cooled. Various experiments have shown the benefits of Faraday Screens (Bureš et al. 1990; J. M. Noterdaeme et al. 1986; Myra, D’Ippolito, and Gerver 1990), but some also concluded that the heating performance of an unshielded antenna was similar to that of a shielded antenna (Nieuwenhove et al. 1991; 1992).  Although it might be necessary to keep a Faraday shield for other reasons, such as decoupling thermal and mechanical stresses on plasma-facing components, the question of the necessity of a Faraday Screen in future ICRF antennas is still debated in the ICRF community (J.-M. Noterdaeme et al. 2019).
[bookmark: _Ref99792406][bookmark: _Toc128902264]Load Resilience and Matching
From the electric point of view, an ICRF antenna can be viewed as an impedance whose properties depend on the plasma and an ICRF system is equivalent to a transmission line loaded with a complex impedance ZL. The maximum amount of power that can be transferred from the source to the load is obtained when the load impedance matches the line and the source impedance. If the impedances are not matched, the load does not absorb all the power sent down the line, and the power reflected can damage the source. In addition, standing waves will develop along the line, increasing the maximum voltages and currents reached inside the antenna and transmission line elements.
A single strap element can be modelled by a line terminated with a lumped impedance  (Bhatnagar et al. 1982). Without plasma, the resistive part R of this load represents the Ohmic losses of the antenna, which are generally small (R ~ 10-1 Ohm). In front of a magnetized plasma, part of the waves is coupled to the plasma. This part can be viewed as the resistive part of the antenna load. Hence, the coupling is indistinguishable from increasing losses from the circuit point of view. In most tokamak experiments, the resistive loading is in the 0.5 to 10 Ohm range (Pinsker 1998). The reactive part X is primarily inductive, and its value depends mainly on the strap and antenna geometry and is generally higher than the resistive part by one order of magnitude. In addition, changes in the resistive part are also correlated with some changes in the reactive part (Pinsker 1998). Since the characteristic impedance of the transmission line Z0 is usually between 30 to 50 Ohm, we always have R<< Z0. In addition, as |X|> 0,  a matching system unit is thus necessary to maximize the power coupled to the plasma by the antenna. 
Matching systems can be tuned on a pulse-to-pulse basis for a fixed impedance but also dynamically tuned to follow antenna impedance variations during the plasma pulse with automatic or feedback-controlled loops (Hofmeister, Braun, and Wesner 1994). These high-power matching systems are generally made of high-power compatible devices, such as tunable trombones or parallel stub(s) (R. Kumazawa et al. 1999; 2008; Liu et al. 2022).
However, during plasma operations, antennas are susceptible to fast load variations inducing a severe amount of reflected power towards the generators, which can cause degradation of the electronic tubes. If the reflected power cannot be avoided, fast control systems are required to reduce or shut down for some time interval the generator's power. Moreover, sudden changes in antenna loading arise in tokamaks operating in H-mode. During plasma perturbations (such as ELMs), loading rises on a time scale of around 10-50 µs and subsequently decays on a time scale of a few milliseconds. This sub-millisecond timescale represents a challenge to any dynamic impedance matching scheme, such as the one illustrated in Figure 3, because their response time is not fast enough. To cope with these fast events, inherently load-insensitive schemes, or load-resilient, are desirable (J.-M. Noterdaeme et al. 2005). 
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[bookmark: _Ref98596580]Figure 3. Standard Impedance matching system
Many ideas have been proposed and tested to realize an intrinsic load tolerance: 
· Use a 3 dB hybrid coupler to split the output ports connected to antennas and to divert the reflected power to a dummy load (Figure 4, left) (Goulding et al. 1994; J.-M. Noterdaeme et al. 2005; Mayoral et al. 2007).
· Connect pairs of straps in parallel to form a so-called conjugate-T  (Figure 4, right)(Bosia 2003; Ryuhei Kumazawa et al. 2011). Each strap has an adjustable impedance system, implemented either internally, using, for example, variable capacitors (Vulliez et al. 2008; Durodié et al. 2012; J. Hillairet et al. 2021), or externally with fixed or variable (trombones) transmission line lengths (Monakhov et al. 2005; 2013). 
· Feedback control the generator frequency (R. Kumazawa et al. 2008)
· Use a fast ferrite stub tuner (Lin et al. 2015; Koert et al. 2016; G. Chen et al. 2017; Tan et al. 2021).
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[bookmark: _Ref98601443]Figure 4. Load-tolerant matching systems. Left: 3dB hybrid splitter scheme; right: conjugate-T scheme.
On ASDEX-Upgrade, a load-resilient system allowing to maintain RF power during H-mode is obtained with 3 dB hybrid couplers. The reflected power is mainly redirected toward dummy loads thanks to the symmetrical properties of the 3 dB coupler (Faugel et al. 2005; Fuenfgelder et al. 2017). At JET, three different load-resilient systems are employed (Monakhov et al. 2013). Firstly, a hybrid system feeds antennas A and B. Secondly, a conjugated-T system with external matching feeds antennas C and D. Part of the matching is made by phase shifters connected far from the antennas. Finally, a conjugated-T system with internal matching is realized with vacuum capacitors located in the ITER-Like Antenna (ILA) (Bosia 2003; Durodié et al. 2005). A similar antenna design is used for the three WEST ICRF antennas (J. Hillairet et al. 2021). 
As 3 dB hybrid couplers and conjugated-T systems are intrinsically tolerant to changes in antenna loading conditions, real-time matching control is generally not as critical as conventional matching schemes. However, controlling these load-resilient schemes and additional matching stages remains a valuable feature that facilitates the setup of new experimental scenarios and follows the slow evolution of plasma parameters. Hence, automatic matching algorithms have been designed and used during plasma operations on various ICRF systems (Monakhov et al. 2013; Durodié et al. 2017; J. Hillairet et al. 2021; Jain, Yadav, and Kumar 2021).
[bookmark: _Toc128902265]Arc Detection Systems
RF-induced arcs generate the emission of electromagnetic radiations (including RF radiations) and can produce high temperatures that can limit the power transmitted from the RF sources to the plasma and create unrecoverable damage on the metallic and ceramic surfaces. Arc detection systems are then critical to ensure the safe operation of ICRF systems and prevent damage to the generators, the transmission lines or the antennas (D’Inca et al. 2009). RF breakdowns can be classified into two categories: “high” and “low” voltage arcs (Monakhov et al. 2007; D’Inca 2011). While the former is located at a maximum of the voltage profile in an ICRF system, the latter arises in more complex geometrical locations such as feedthrough or bellows. 
The most elementary protection system against arcs measures the power reflected towards the generators. Arcs located between the generator and the antenna can generate transient mismatches, causing a rapid increase in the reflected power. When detected, the RF power is switched off as fast as possible, typically within 10 to 20 µs, to prevent excessive breakdown energy (Wang et al. 2015; D’Inca 2011). The RF power is then reapplied after a few tens of milliseconds, a delay sufficient to extinguish the arc. Because of the mutual coupling between radiating elements, all the generators associated with an antenna are generally switch-off then switch on simultaneously. The threshold for which the interlock is triggered depends on the system.
However, other events can change the reflected power on fast scales, such as a change in the plasma configuration or transient events such as ELMs. Thus, if the reflection coefficient is too low, it can falsely trigger the interlock, for example, during  ELMs (Mayoral et al. 2007). A workaround is then to raise the threshold to a higher value with the drawbacks of increasing the arc detection delay in some systems or eventually missing entirely parasitic activities that could indicate low voltage node arcing (Monakhov et al. 2007). Hence, monitoring the reflection coefficient alone is insufficient to protect an ICRF system entirely, and additional techniques are required.
Fast transient phenomena such as arcs excite intense noise on a wideband centred on the RF source frequency and harmonics of the RF frequency below and above the generator frequency. Detecting these harmonics requires filtering the electronic noise and the generator's first harmonics. Measuring lower harmonics has been proven more accessible than upper ones (Rogers et al. 1995). Sub Harmonic Arc Detectors (SHAD) are pass-band filters (5/20-35 MHz band) used to monitor a frequency spectrum window below the RF source frequency, especially the lower harmonics of the generator frequency (Berger-By et al. 2007; Jacquet et al. 2009; D’Inca et al. 2011). These filters are coupled with a detector that triggers a signal to shut down the RF sources if above a certain threshold with a response time of typically a few microseconds(Berger-By et al. 2007; Jacquet et al. 2009). They do not require dedicated probes as they can use the signal coming directly from the RF power directional couplers. However, the SHAD method also triggers false-positive signals, for example, during ELMy phases, complicating the operation (D’Inca et al. 2007; D’Inca 2011; Jacquet, Berger‐By, et al. 2011). 
The Scattering Matrix Arc Detection (SMAD) was proposed and first implemented on the JET ILA antenna to complement the SHAD and reflection coefficient systems (Vrancken et al. 2009; 2011). The method consists of a consistency check of RF signals taken around a possible vulnerable point to a numerical model. The numerical model requires an accurate RF description of the region under monitoring, for example, from the knowledge of its S-parameters and the calibrations of the RF signals, for the system to be able to deal directly with raw signals. SMAD is insensitive to the coupling properties and is thus suitable for detecting arcs during ELMs. An error signal is forged from the equations relating the measured quantities and the region's model, and a trip is issued if the obtained value departs from an acceptable error. The trip delay depends on the computing cycle, in the range of a few microseconds using an FPGA. Although the principle of the system is relatively simple, it was proven to be initially challenging to operate reliably before being fully recommissioned for a more robust implementation (P. Dumortier et al. 2019). SMAD has been implemented on the LHD ICRF systems (K. Saito et al. 2017). 
Other arc detection methods have been proposed and used, such as optical arc detection systems to monitor the light emission produced by arcs (P. Dumortier et al. 2011; W. Helou et al. 2020). Finally, since no unique system can detect arcs in all situations or regions, a combination of detection systems is used on current ICRF systems or planned in future ones (Graham et al. 2012; J. Hillairet et al. 2021; D’Inca 2011).
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The physics of RF wave propagation and damping mechanisms in magnetic plasma has been well described since the early ages of fusion research (Thomas H. Stix 1992; Marco Brambilla 1998). The complexity of solving realistic geometries required significant simplifications until powerful computers were available. Nowadays, advanced numerical tools can include realistic magnetized plasma, vacuum vessel and antenna geometries, non-Maxwellian species and finite orbit widths effects for particles or a description of the edge plasma. An introduction to the kinetic theory is given in (Dumont 2021) and some of the numerical techniques adopted to model the particle heating and current drive, with their weaknesses and strengths, have been reviewed in (Eester 2012). Recent papers review the progress made on ICRF core and edge physics modelling (Machielsen, Graves, and Cooper 2021; Wei Zhang et al. 2021).
Several codes have been developed to investigate the ICRF waves coupling, propagation and absorption in fusion machines. However, until recently, core plasma codes calculating power deposition, heating rate or species distribution functions were decoupled from edge plasma codes used for RF coupling or sheaths estimations. Current efforts include coupling core-to-edge physics and connecting different numerical methods and solvers (Shiraiwa, Wright, Lee, et al. 2017; Bertelli et al. 2020). However, the amount of numerical power necessary to solve practical cases remains very large and is inappropriate for parameter studies and rapid interpretation of plasma experiments. Hence, other approaches consist in using simplified models, being aware of their limitations. A fully toroidal package is compared to a plane-stratified geometry solver in reference (M. Brambilla and Bilato 2021) that illustrates the advantages and the limitations of the two approaches for the simulations of ICRF heating of tokamak plasmas.
The performance of an ICRH antenna depends on its coupling capabilities to the inhomogeneous plasma profile in front of it. Semi-analytical coupling models of a simplified antenna geometry to inhomogeneous slab plasma, such as those developed in ANTITER or SITAR codes, have proven valuable tools to study the underlying physics and perform multiple and fast parameterisations scans (A. Messiaen et al. 2010, 201; Dash and Chattopadhyay 2021). Recent progress in ANTITER allowed calculating the power deposition in the edge plasma due to the presence of the Lower Hybrid resonance (Maquet, Druart, and Messiaen 2021).
More advanced codes, such as TOPICA (Method of Moment) or ERMES (Finite Element Method), allow to take into account the 3D geometry of the antenna and hence the geometrical peculiarities of each configuration (Lancellotti et al. 2006; Milanesio et al. 2009; Otin et al. 2020). TOPICA was used to study and optimize many ICRF antennas for multiple machines and to compare with voltage and current measurements (Milanesio et al. 2007; Milanesio and Maggiora 2010). For coupling, 3D simulation results generally show excellent agreements with the experimental data, as long as accurate measurements are available for the plasma edge description (density, equilibrium) (Stepanov et al. 2015).
Progress in commercial software capabilities, particularly Finite-Element Method (FEM) solvers, now ease solving for ICRF coupling. Magnetized cold plasma can be approximated using an isotropic dielectric medium under particular assumptions (A. Messiaen and Weynants 2011). In these conditions, any commercial 3D FEM software, such as COMSOL or ANSYS HFSS, can be used to model 3D antenna coupling problems (Qin et al. 2015). In addition, with the help of specific boundary conditions adapted to fast waves (J Jacquot et al. 2013; Colas et al. 2019), RF coupling to inhomogeneous and anisotropic plasma is now commonly performed (Jiahao Li et al. 2021). RAPLICASOL, a COMSOL-based tool, has been used to model antenna coupling for various ICRF antennas (Jonathan Jacquot, Bobkov, et al. 2015; W. Tierens et al. 2019; W. Tierens, López, et al. 2020; Wouter Tierens and Colas 2021). COMSOL has also been used to model RF sheaths physics in SSWICH (Jonathan Jacquot, Milanesio, et al. 2015; Lu et al. 2018; Křivská et al. 2019). COMSOL has also been used to model the interaction of RF waves with plasma filament (W. Tierens, Zhang, and Manz 2020) and convective cells (W. Zhang, Tierens, et al. 2017). The coupling modelling with respect to local gas fuelling has been performed for ASDEX, JET or ITER (W. Zhang et al. 2016; W. Zhang, Jacquet, et al. 2017; W. Zhang et al. 2019). ICRF wave heating simulation based on FEM for EAST tokamak has been carried out with realistic plasma shape, SOL plasma and antenna region with curvature (J. Zhang, Zhang, and Qin 2022). In (Vallejos et al. 2020), an iterative wavelet finite element scheme is used to model the propagation and damping of ICRF in a hot magnetized plasma, taking into account the non-local response of the plasma and finite Larmor radius effects. 
Recently, progress in numerical techniques and open-source tools also allowed the realisation of advanced Finite-Element Method (FEM) codes allowing calculation of coupling and heating simulation, connecting edge plasma and core plasma physics in the PETRA-M environment (Shiraiwa, Wright, Lee, et al. 2017) (Shiraiwa, Wright, Bonoli, et al. 2017; Bertelli et al. 2020). 
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[bookmark: _Toc128902268]RF Sheaths and Impurity Production Mitigation in Metallic Environment
As discussed in section 5.1, ICRF is known to enhance plasma-facing components sputtering and release impurities by the excitation of RF sheaths, which have a substantially higher sheath voltage than the one expected for thermal sheaths (Myra 2021). Several methods have been proposed to reduce this impurity production induced by RF sheaths, reviewed in this section.
The antenna phasing between radiating straps has been identified early as a critical parameter to act on impurity production (Bures et al. 1988). The wavefield pattern in the antenna region depends on the phasing between straps and can induce substantial modification of the plasma edge, such as density depletion, correlated with the sputtering of the faraday screen. Experiments conducted in JET and ASDEX-Upgrade show that plasma-wall interaction is enhanced for low k// phasing configurations and, therefore, higher plasma radiation losses (Vl.V. Bobkov et al. 2010; Lerche et al. 2011; 2016). These observations are consistent with enhanced RF sheath rectification effects as numerical codes confirm that generated antenna parallel near electric fields and image currents are larger for low k// phasings (V. Bobkov et al. 2009). In addition to enhanced impurity release, parasitic ICRF wave absorption in the plasma scrape-off layer can enhance heat fluxes on some plasma-facing components (Ekedahl et al. 2007; Jacquet, Colas, et al. 2011). 
Increasing the plasma-antenna clearance effectively reduces the ICRF-induced impurity releases and heat fluxes but at the price of decreasing the coupling efficiency (Colas et al. 2009). However, localized chamber fuelling can help increase coupling and reduce the RF sheath-induced plasma-wall interactions (Jacquet et al. 2012; V. Bobkov et al. 2014; Lerche et al. 2015). The enhanced ICRF coupling is due to the spreading and ionization of the injected gas magnetically connected from the gas cloud to the antennas, which increases the SOL density locally. The gas injection also cools the scrape-off layer locally and thus reduces the ions' sputtering yield. The effect of localized gas puffing on antenna coupling has been modelled for ASDEX-Upgrade, JET and ITER (W. Zhang et al. 2016; W. Zhang, Jacquet, et al. 2017; W. Zhang et al. 2019).
In many present experiments, boronization or lithiumization processes, in-situ plasma-enhanced chemical vapour deposition of boron or lithium, are utilized to control impurities (Buzhinskij and Semenets 1997; Wirth and Zinkle 2021). These methods have proven effective in reducing the high-Z element and improving confinement during ICRF-heated plasma (Wukitch et al. 2008; V. Bobkov, Aguiam, Baruzzo, et al. 2017; Marc Goniche 2021). However, these coatings have limited practical lifetimes and vanish after a few plasma shots. This lifetime is particularly proportional to the integrated injected ICRF energy with a degradation faster than in equivalent ohmic heated discharges, suggesting ICRF enhances the boron film erosion rate (Wukitch et al. 2007).
The use of low-Z material for antennas faraday-screen and neighbouring plasma-facing components such as edge limiters has been early suggested (F. W. Perkins 1989). In Alcator C-Mod, replacing molybdenum tiles with boron nitride on the antenna limiter did not improve plasma performance, suggesting that the principal impurity source was located away from the antenna (Wukitch, LaBombard, Lin, Lipschultz, Marmar, Reinke, et al. 2009). Application of a Boron coating on the neighbouring and magnetically connected tiles showed to reduce significantly high-Z impurity release. However, the Boron coating gets eroded, and in addition, regular boronizations were still required to achieve high-performance discharges, suggesting other sources remained (Wukitch, LaBombard, Lin, Lipschultz, Marmar, Ochoukov, et al. 2009). Replacing Tungsten (W) side limiters with boron-coated tiles on ASDEX-Upgrade showed, on the contrary, that more than half of the W content in the plasma originated directly from the antenna limiters (V. Bobkov et al. 2013). Nevertheless, the root cause of the enhanced sputtering was not removed by using B-limiters and the sputtering of low-Z Boron remained but only became more tolerable than that of the high-Z tungsten (V. Bobkov, Aguiam, Bilato, et al. 2017).
As the primary driving mechanism for RF sheaths is the RF electric field component parallel to the equilibrium magnetic field (Myra 2021), two approaches have been pursued to reduce the excitation of this field. As the total magnetic field passing along the antenna is not purely toroidal but has a tilt angle of typically 5 to 10 degrees, straps and antenna elements excite inherently a non-zero parallel electric field. Alignment of the Faraday screen and radiating elements along and perpendicular to the magnetic field, respectively, has thus been identified as a possible improvement (F. W. Perkins 1989). Coupling studies of ICRF waves on cold plasma were performed for a rotated four-strap antenna in C-Mod, using a FEM code that includes the actual SOL density profiles and the 3-D solid geometry of the antenna (Garrett and Wukitch 2012). The results indicate that an ICRF antenna aligned with the total magnetic field reduces the average RF potential along magnetic field lines intersecting the antenna by a factor ranging between 2 to 3. A field-aligned antenna has been tested in Alcator C-Mod (Wukitch et al. 2013). The field-aligned antenna showed improved impurity contamination and lowered the impurity sources at the antenna and load tolerance. The radiated power was 20 to 30% lower than for not field-aligned antennas in both L and H-mode discharges. However, RF-induced plasma potentials were nearly identical for the field-aligned and the more conventional antennas when operated in dipole phasing (Wukitch et al. 2014). Field-aligned antennas are foreseen (K. Saito et al. 2015)
The second approach has been pursued at ASDEX-Upgrade, by minimizing the local parallel electric field induced by the antennas on their protruding limiters. Limiters can indeed generate a parasitic parallel electric field enhancing RF sheaths if local RF currents are circulating on them. Hence, cancelling the image currents at the limiters could mitigate impurity sputtering due to RF sheaths. As a first step, one of the 2-strap antennas was modified with broad-limiters and optimized straps, which showed a 40% reduction in W release (V. Bobkov et al. 2009; 2013). In 2015, a new antenna made of three straps was designed and installed in ASDEX-Upgrade (Fuenfgelder et al. 2017). The design principle is to minimize the image currents by balancing the power and phase between straps (V. Bobkov et al. 2013). The 3-strap antenna with W-coated limiters significantly reduced the W release compared to the W-coated 2-strap antennas in a broad range of plasma conditions (V. Bobkov et al. 2016; V. Bobkov, Aguiam, Bilato, et al. 2017). The use of two 3-strap antennas in combination with the Boron-coated 2-strap antennas allowed ASDEX-Upgrade to extend the ICRF operating space (V. Bobkov et al. 2020).
[bookmark: _Toc128902269]Load Resilience and ELMy Plasma Operation
Three different load-tolerant schemes have been installed on JET to cope with fast plasma variations such as ELM (Vrancken et al. 2007). Firstly, 3-dB couplers were installed on two of the four JET antenna arrays (antennas A and B) in 2004-2005 and successfully operated on ELMs (Mayoral et al. 2007). Secondly, an external conjugate-T, tuned by coaxial phase shifters (trombones) and further matched by variable trombones and stub tuners, connects C and D antennas (Monakhov et al. 2005; 2009). The system allows reliable and uninterrupted injection of the RF power into H-mode plasmas in the presence of strong antenna loading perturbations during ELMs (Monakhov et al. 2013). Thirdly, the ITER-Like Antenna (ILA), installed in JET in 2007, uses an internal conjugate-T scheme. The ILA is a 2 (toroidal) x 4 (poloidal) straps antenna designed to address some of the key issues of the ITER ICRF system, such as operation at high power densities (8-10 MW/m2) and voltages (45 kV) and load tolerance operation on ELMy plasma (Durodié et al. 2012; Pierre Dumortier et al. 2017). The straps are fed with a compact conjugate-T featuring in-vessel matching capacitors to achieve the desired load tolerance. A low impedance quarter-wave impedance transformer and a second stage matching trombone and stub circuit allow matching the chosen impedance at the conjugate-T junction to the 30 Ohm transmission lines. In addition, a 3 dB hybrid splitter feeds toroidally adjacent sections. While the in-vessel matching scheme was not kept for the ITER ICRF antenna, other aspects of the ILA design such as the use of short straps, the validation of the coupling codes such as TOPICA and the demonstration of operation at 42 kV were realized with the ILA (Durodié et al. 2017; Pierre Dumortier et al. 2017). Recently, continuous progress on the control and matching systems allowed to feed the different sections of the ILA at slightly different frequencies around a central frequency (f0±Δf, with Δf = 0.5 MHz) to decouple the top and bottom half controls and thus operate more reliably (P. Dumortier et al. 2021).
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If the heat handling is not essential for short pulse discharges (less than a minute), the long pulse operation of ICRF systems brings additional challenges, mainly the water-cooling of all RF structures. Being a superconducting machine, the ICRF system of LHD has been designed for steady-state operation at the MW level RF power. Up to 68 seconds at 1 MW level were achieved in LHD in 2000 (Ryuhei et al. 2000), more than 30 minutes at 520 kW in 2004 (R. Kumazawa et al. 2006) or 54 min at an average power of 380 kW in 2005 (Mutoh et al. 2007; H. Kasahara et al. 2014). Since 2015, LHD has been equipped with two ICRF antennas, a toroidal array antenna (HAS for Hand-Shake) (Hiroshi Kasahara et al. 2010) and a poloidal array antenna (FAIT for Field-Aligned-Impedance-Transforming), with a target power of 3 MW in steady-state operation (K. Saito et al. 2015). By changing the phase of the antenna current in the upper and lower antennas, the HAS antenna, which is set up along the magnetic field, can excite a fast wave with a phase difference to change the k// and a dipole phasing is usually used because of its higher heating efficiency than the monopole phasing. Both antennas are used for ICRF heating with a fixed frequency of 38.47 MHz. By optimization at the fixed frequency, the loading resistances are increased by increasing the impedance of the antenna using impedance transformers (Kenji Saito et al. 2017). The RF power capabilities of the FAIT antenna have been increased by the adjunction of a power combiner (H. J. Kim et al. 2015; K. Saito et al. 2019).
Three new identical ELM-resilient and CW power ICRF antennas were designed in 2013 for WEST to improve the power capabilities and bring ELM-resilience to the system (Walid Helou et al. 2015). The ELM resilience property is obtained through an internal conjugate-T electrical scheme with series capacitors (Bosia 2003). The antenna design is based on a previously tested prototype in 2004 and 2007 (Vulliez et al. 2008; Argouarch et al. 2009) but upgraded to sustain CW operation with actively cooled components (Zhaoxi Chen et al. 2015; Vulliez et al. 2015). All three ICRF antennas have been operated simultaneously on plasma (J. Hillairet et al. 2021). Using the ICRF system alone, the total RF coupled power on plasma reached 3 MW routinely during a few seconds and peaked at 6 MW. The ICRF system has been operated together with the LHRF system, and up to 9.2 MW of combined RF power have been coupled (Bucalossi et al. 2022).
[bookmark: _GoBack]A long pulse compact ICRF antenna has been developed for the KSTAR tokamak to couple up to 2 MW for 300 s (Kenji Saito, Wi, et al. 2020). The 2x2-strap antenna relies on an internal conjugate-T method to ensure load resilience. The conjugate-T is achieved with segmented impedance transformers at a fixed frequency of 30.8 MHz.
On EAST, the 12MW 25–70 MHz ICRF system has been operated during 30 s on an H-mode plasma in 2012 and during 61s in 2022.  (Zhao et al. 2014; H. Yang et al. 2021; Y. Song et al. 2022). In 2021, new 2x2-strap antennas reducing the dominant excited parallel wavenumber allowed to double the coupling resistance, hence increasing the operational domain in EAST (X. J. Zhang et al. 2022).
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The objective of ITER is to demonstrate the scientific and technological feasibility of fusion power as an energy source. The ITER Ion Cyclotron Resonance Heating and Current Drive system has been designed to couple to the plasma 20 MW of RF power in the 40-55 MHz frequency range in continuous wave operation (3600 s) from two 10 MW antennas (Beaumont et al. 2013; Lamalle et al. 2013; Durodié et al. 2014). The two antennas are installed in outboard midplane port plugs. The antennas are equipped with an actively cooled Faraday screen made of Beryllium tiles, located approximately 10 mm radially behind the shaped Be first wall panels (Brank et al. 2021). Each antenna has 24 straps, grouped in 8 straps triplets by 4-port junctions. These eight triplets are fed via four hybrid splitters connecting adjacent poloidal triplet lines, imposing a 90° poloidal phase difference and obtaining load resilience. The triplet pairs are fed by four power sources with equal forward power. The phase differences between the four generators set the toroidal phase between the four poloidal triplet pairs (Grine et al. 2012). Ten decouplers are used to neutralize the mutual coupling effects and control the current amplitude of the 24 straps, with the number of active decouplers changing between current drive or heating configurations. The precise adjustment of the antenna array phasing is very sensitive to the generator power and phase settings (Vervier et al. 2015). The RF power, generated by nine 3 MW sources (four per antenna and one spare), is carried through pressurised coaxial lines to 8 feeds per antenna (Kazarian et al. 2011). If the coupling of the RF power turns out to be insufficient, the separatrix could be moved closer to the antenna and gas can be injected near the antennas (W. Zhang et al. 2019).
ITER operation is based on a staged approach which includes two Pre-Fusion Power Operation (PFPO) phases consisting of hydrogen and helium plasmas (ITER Organization 2018). Several ICRF heating schemes have been investigated for these phases and are reviewed in the reference (Mireille Schneider et al. 2017). Effective absorption schemes are available in hydrogen and helium at full (5.3 T) or reduced (1.8 T and 2.65 T, except for hydrogen operation) magnetic fields. A three-ion heating scheme could be used at 3 T and 3.3 T with fundamental minority 3He heating in an H-4He mixture (Kazakov et al. 2015). During the D-T operation (Fusion Power Operation phase), second harmonic tritium heating and helium-3 minority heating will be used (Dumont and Zarzoso 2012). 
Thermal loads on the ICRF antenna and its ceramic windows due to stray EC radiations are significant (Oosterbeek et al. 2015) and therefore considered in the windows' thermal and mechanical designs. However, current estimates require further studies since they are hindered by the lack of knowledge of microwave absorption on alumina at 170 GHz and stray EC power amounts.
Since no routine maintenances are scheduled on the antenna lifetime, which is required to be at least 20 years, the antenna reliability must be very high (ITER Organization 2018). Because of radioactivity levels, maintenance operations will be carried out using the ITER remote handling maintenance system (Ribeiro et al. 2011). The maintenance of the antenna will be performed in an ITER hot cell, where antenna cleaning, reparation and tests offer several challenges (Ferlay et al. 2013).
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In the first phase of the Divertor Tokamak Test Facility (DTT), an ICRF system is foreseen to couple 3 MW to the first plasma and eventually up to 10 MW after the machine completion (Ceccuzzi et al. 2019). The RF power is used for central plasma heating through different heating schemes, 3He or H minority heating in Deuterium Plasma with B=6 T at respectively 60 and 90 MHz, as well as for wall conditioning (Cardinali et al. 2020).  Several antenna designs have been compared, such as an array of 8 straps or a configuration similar to the 3-strap Antennae installed at ASDEX Upgrade, and the final choice will be made in compliance with DTT constraints. Load resilience is provided via coaxial wideband 3 dB hybrid couplers (Ravera et al. 2021). A three-stage amplifier based on a broadband solid-state amplifier, a tetrode driver and a final power amplifier will be used for RF generators.
The SPARC tokamak project aims to achieve breakeven and burning plasma conditions in a compact device with a magnetic field of 12.2 T (Rodriguez-Fernandez et al. 2022). With up to 25 MW at 120 MHz, ICRF is the workhorse heating system of the project. A good wave penetration and a strong single-pass absorption are expected for D–T(3He), D(3He), D(H) and 4He(H) heating scenarios (Lin, Wright, and Wukitch 2020). The project's baseline foresees twelve 4-strap antennas, similar to the field-aligned J antenna on C-Mod, except that the straps are end-fed centre-grounded, with a three-strap design as follows a backup (Lin, Wright, and Wukitch 2020). 
The Tokamak with Reactor Technologies (TRT) is a proposed design for a compact stationary tokamak with an 8 T magnetic field. It will operate with deuterium and possibly with DT plasma (Krasilnikov et al. 2021). The conceptual project proposes an ICRF system operating in the 60–80 MHz frequency range. Two three- or four-loop antennas with the loops oriented across the magnetic field have been selected to provide an ICRF power of several MW (Baev et al. 2021). 
While initially considered as one of the plasma heating solutions for direct ion heating during plasma ramp-up and eventually during the stationary discharge phases (Franke et al. 2015; Federici et al. 2019), the current design of the European DEMOnstration Fusion Power Plant (DEMO) does not envisage ICRF in its baseline. A ~50 MW ICRF system has been designed during the pre-conceptual phase of the project. While Traveling Wave Arrays antennas (see next section below) have been proposed for DEMO (J.-M. Noterdaeme et al. 2019; Riccardo Ragona et al. 2019), the latest design is a merge of existing ITER, JET and ASDEX Upgrade antennas (Volodymyr V Bobkov et al. 2021). While the  ITER ICRF system serves as a guideline in the current design process, several distinctive aspects, like antenna integration or adaptation to neutron environment, are tackled individually for DEMO.
The China Fusion Engineering Test Reactor (CFETR) is a tokamak project for fusion energy research in China, aimed to bridge the gaps between ITER and a demonstration reactor. It aims to demonstrate fusion energy production up to 200 MW initially before reaching a power level of 1 GW and pursuing tritium self-sufficiency (Zhuang et al. 2019). With a magnetic field of 6.5 T and a frequency of 37 MHz, a second harmonic tritium heating scheme and two three-ions scenarios, DT(3He) and DT(7Li), are envisaged (C. Song et al. 2020). The project plans to use an ITER-type ICRF antenna to couple ~30 MW to the plasma. A conceptual design with four poloidal by six toroidal straps array has been proposed for the antenna front face (Wei Zhang et al. 2022). 
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While Ion Cyclotron Resonance Heating has been proven to heat the core plasma of various fusion experiments effectively, the method also has several drawbacks. Transmitting the maximum amount of RF power while protecting the RF sources from reflected power requires matching system(s). A consequence of these matching unit(s) is that the voltages and currents in the antennas can reach very high values and jeopardise operation safety when exceeding the voltage stand-off limits. The maximum power that can be coupled reliably during operation is related to the maximum electric field occurring in the antenna structure. While the simplest way to increase the power handling is to increase the number of radiating straps (hence decreasing the power density), it also requires more matching systems and rapidly becomes impracticable (Pinsker 1998). In addition, as current ICRH antennas radiate wave components with k// > k0, these waves are evanescent from the antenna up to the fast wave cut-off electron density, located a few centimetres away in front of the antenna. As this distance increases, the coupling efficiency of an antenna decreases, which often leads to operational issues. In future machines such as ITER or any future fusion reactor, the distance from the antenna to the plasma will become even larger (J.-M. Noterdaeme et al. 2019; Melnikov et al. 2020; Ragona et al. 2019).
Instead of resonant antennas, “slow-wave” structures, like for example Travelling Wave Arrays (TWA) antennas, would be an excellent candidates for ICRF in tokamaks since they solve both drawbacks. The term "slow wave" refers here to the fact that the electromagnetic waves propagating through the antenna have a relatively low phase velocity, which means that they travel more slowly through the antenna than they would in free space. This can be achieved by designing the antenna with a resonant structure. In TWA antennas, the power is applied to a radiating element at one end of the array and the power is coupled to the next element by the mutual reactance between elements. At the end of the array, the remaining (not radiated) power (if some) can be dissipated into a match load or recirculated into the array to increase the system's overall efficiency (J.-M. Noterdaeme et al. 2019). With a lower power density than resonant antennas, TWA antennas have lower voltages, avoiding exceeding voltage stand-off (Bosia 2015; R Ragona 2017). In addition, as the number of radiating elements is larger than in conventional antennas, the radiated spectrum is narrower, enhancing antenna coupling to the plasma, allowing RF power coupling from increased distances to the plasma than current antennas (Andre Messiaen and Ragona 2017). The main drawback is that TWA antennas require a larger toroidal space to fit a higher number of straps (Bader et al. 2017). However, since the antenna does not require fancy power dividers and matching units, the volume required behind the radiating elements only consists of the feeding transmission lines. In the context of a fusion reactor, this reduced footprint is a significant advantage when dealing with neutron-induced activation and heat losses but also leaves more space for lithium breeding blankets. For these reasons, TWA antenna designs have been proposed for the European DEMO (R. Ragona and Messiaen 2016; Riccardo Ragona et al. 2019; J.-M. Noterdaeme et al. 2019). 
Despite not being a new concept (Moeller et al. 1994; Pinsker 1998; Vdovin 2009) and having already been tested at moderate powers (Ikezi and Phelps 1997; Ogawa et al. 2001), TWA antennas have so far never been tested for ICRF at relevant powers. Recently, a conceptual TWA antenna for ICRF has been designed for WEST (R. Ragona et al. 2019), and a high-power mock-up has been successfully tested under vacuum in the TITAN testbed at CEA. Successful shots at 500 kW/60 s and 2 MW/3 s confirmed the property of the mock-up and opened the way for an auspicious way to couple ICRF in tokamak (R. Ragona et al. 2022).
Recently, TWA antennas are also used in a higher frequency range for fast wave current-drive, also known as “helicon” current-drive (Pinsker 2015). Recent helicon current drive systems projects around 476 MHz have been developed for steady-state tokamak plasma scenario research in KSTAR (Wang et al. 2017; Wi et al. 2018; J. Kim et al. 2021) and DIII-D (Tooker et al. 2015; Torreblanca et al. 2019; Compernolle et al. 2021) and show very encouraging results. Other projects are under consideration for EAST (X. Li et al. 2020) or CFETR (Y. Yang et al. 2021; X. Li, Li, and Liu 2021). 
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Recent experiments, particularly in ASDEX Upgrade and Alcator C-Mod, demonstrated that optimized antenna designs could reduce the far SOL DC biasing and the impurity production produced by ICRF sheath effects. The RF current image cancellation and tailoring of the density distribution using local gas injection increase the coupling and thus the ICRF power capability. These results show that ICRF heating is compatible with some high-Z reactor wall configurations when RF field distribution and neighbouring PFCs are optimized (V. Bobkov et al. 2019). These experimental results have been possible thanks to progress in theoretical aspects. Nowadays, theoretical frameworks and simulation tools allow an understanding of these experimental results. They can be used to guide new antenna designs to minimize plasma-edge interactions (Colas et al. 2021; Myra 2021). 
However, despite this substantial progress in understanding RF coupling and impurity productions, some challenges remain ahead. The effects of the RF fields far away from the antennas, which depend on the machine geometry and plasma scenarios, are still poorly diagnosed. Their prediction, which could be tackled from self-consistent models using fully realistic geometries, remains a challenge because of the problem's size and complexity.
While the ITER ICRF antenna design has not been optimized to minimise RF parallel electric field near the PFCs, antennas can be operated in a phasing mode that should reduce plasma-wall interactions by minimizing the RF image currents at the antenna port boundaries. The effects of the Beryllium faraday-screen remain, however, undocumented. In addition, the ITER ICRF complexity and the high number of actuators may further complicate the system's operation.
The increase of nuclear constraints associated with the operation of future fusion reactors requires a severe increase in reliability, inspectability and maintainability of the ICRF system, particularly the antennas. Compatibility with remote handling of antenna weighting a few tens of tons remains a challenge.  
Travelling wave antennas integrated into the wall seem an up-and-coming solution for future machines. However, a complete demonstration under relevant conditions at the ICRF remains to be performed.
[bookmark: _Toc128902276]Acknowledgements
This work has been carried out within the framework of the EUROfusion Consortium and the French Research Federation for Fusion Studies and has received funding from the Euratom research and training programme 2014-2018 and 2019-2020 under grant agreement No 633053. The views and opinions expressed herein do not necessarily reflect those of the European Commission.
[bookmark: _Toc128902277]References
Adam, J. 1987. ‘Review of Tokamak Plasma Heating by Wave Damping in the Ion Cyclotron Range of Frequency’. Plasma Physics and Controlled Fusion 29 (4): 443–72. https://doi.org/10.1088/0741-3335/29/4/001.
Argouarch, A., K. Vulliez, P. Mollard, G. Lombard, G. Bosia, L. Colas, A. Mendes, et al. 2009. ‘ICRH ITER-like Antenna Tested on TS Commissioning, Electrical Modeling and Load Resilience Studies’. Fusion Engineering and Design 84 (2–6): 275–78. https://doi.org/10.1016/j.fusengdes.2009.01.018.
Bader, A., G. Bosia, A. Messiaen, R. Ragona, A. Garcia, U. Fischer, T. Franke, J.-M. Noterdaeme, M.Q. Tran, and D. Van Eester. 2017. ‘Integrating a Distributed Antenna in DEMO: Requirements and Challenges’. Fusion Engineering and Design 123 (November): 431–34. https://doi.org/10.1016/j.fusengdes.2017.03.035.
Baev, V. M., D. V. Getman, A. M. Gubin, and M. L. Subbotin. 2021. ‘System of ICR Heating of the Plasma at the TRT Tokamak’. Plasma Physics Reports 47 (11): 1169–75. https://doi.org/10.1134/s1063780x21120011.
Beaumont, B., C. Darbos, M. Henderson, F. Kazarian, and P. Thomas. 2013. ‘ITER Project and RF Systems’. In 2013 IEEE 14th International Vacuum Electronics Conference (IVEC), 1–2. Paris, France: IEEE. https://doi.org/10.1109/ivec.2013.6571167.
Becoulet, A. 1996. ‘Heating and Current Drive Regimes in the Ion Cyclotron Range of Frequency’. Plasma Physics and Controlled Fusion 38 (12A): A1–11. https://doi.org/10.1088/0741-3335/38/12a/002.
Benford, James, John Allan Swegle, and Edl Schamiloglu. 2007. High Power Microwaves. 2nd ed. New York: Taylor & Francis.
Berger, J. M., W. A. Newcomb, J. M. Dawson, E. A. Frieman, R. M. Kulsrud, and A. Lenard. 1958. ‘Heating of a Confined Plasma by Oscillating Electromagnetic Fields’. The Physics of Fluids 1 (4): 301–7. https://doi.org/10.1063/1.1705888.
Berger-By, G., B. Beaumont, G. Lombard, L. Millon, P. Mollard, and D. Volpe. 2007. ‘Arc Security System Based on Harmonics Detection for the Tore Supra ICRH Transmitter’. Fusion Engineering and Design 82 (5–14): 716–22. https://doi.org/10.1016/j.fusengdes.2007.06.039.
Bernard, J.M., G. Lombard, A. Argouarch, J.P. Chaix, P. Fejoz, P. Garibaldi, J.C. Hatchressian, et al. 2011. ‘New High Power CW Test Facilities for ITER ICRH Components Testing’. Fusion Engineering and Design 86 (6–8): 876–79. https://doi.org/10.1016/j.fusengdes.2011.02.100.
Bertelli, N., S. Shiraiwa, G. J. Kramer, X. Yang, T. DeHaas, C. Lau, B. Van Compernolle, et al. 2020. ‘3D Full Wave Fast Wave Modeling with Realistic Antenna Geometry and SOL Plasma’. AIP Conference Proceedings 2254 (1): 030001. https://doi.org/10.1063/5.0013580.
Bhatnagar, V. P., R. Koch, A. M. Messiaen, and R. R. Weynants. 1982. ‘A 3-D Analysis of the Coupling Characteristics of Ion Cyclotron Resonance Heating Antennae’. Nuclear Fusion 22 (2): 280–88. https://doi.org/10.1088/0029-5515/22/2/011.
Bilato, R, M Brambilla, and E Fable. 2014. ‘Simulations of Fast-Wave Current Drive in Pulsed and Steady-State DEMO Designs’. Journal of Physics: Conference Series 561 (November): 012001. https://doi.org/10.1088/1742-6596/561/1/012001.
Bilato, R., M. Brambilla, I. Pavlenko, and F. Meo. 2002. ‘Simulation of Fast Wave Current Drive in Tokamaks in the Ion Cyclotron Frequency Range’. Nuclear Fusion 42 (9): 1085–93. https://doi.org/10.1088/0029-5515/42/9/306.
Bobkov, V., D. Aguiam, M. Baruzzo, D. Borodin, I. Borodkina, S. Brezinsek, I. Coffey, et al. 2017. ‘Progress in Reducing ICRF-Specific Impurity Release in ASDEX Upgrade and JET’. Nuclear Materials and Energy 12 (August): 1194–98. https://doi.org/10.1016/j.nme.2016.10.026.
Bobkov, V., D. Aguiam, R. Bilato, S. Brezinsek, L. Colas, A. Czarnecka, P. Dumortier, et al. 2019. ‘Impact of ICRF on the Scrape-off Layer and on Plasma Wall Interactions: From Present Experiments to Fusion Reactor’. Nuclear Materials and Energy 18 (January): 131–40. https://doi.org/10.1016/j.nme.2018.11.017.
Bobkov, V, D Aguiam, R Bilato, S Brezinsek, L Colas, H Faugel, H Fünfgelder, et al. 2017. ‘Making ICRF Power Compatible with a High-Z Wall in ASDEX Upgrade’. Plasma Physics and Controlled Fusion 59 (1): 014022. https://doi.org/10.1088/0741-3335/59/1/014022.
Bobkov, V., M. Balden, R. Bilato, F. Braun, R. Dux, A. Herrmann, H. Faugel, et al. 2013. ‘ICRF Operation with Improved Antennas in ASDEX Upgrade with W Wall’. Nuclear Fusion 53 (9): 093018. https://doi.org/10.1088/0029-5515/53/9/093018.
Bobkov, V., R. Bilato, F. Braun, L. Colas, R. Dux, D. Van Eester, L. Giannone, et al. 2009. ‘Interaction of ICRF Fields with the Plasma Boundary in AUG and JET and Guidelines for Antenna Optimization’. AIP Conference Proceedings 1187 (1): 125–32. https://doi.org/10.1063/1.3273710.
Bobkov, V., R. Bilato, H. Faugel, H. Fünfgelder, Ye. O. Kazakov, M. Mantsinen, J.-M. Noterdaeme, et al. 2020. ‘Improved Operating Space of the ICRF System in ASDEX Upgrade’. AIP Conference Proceedings 2254 (1): 040005. https://doi.org/10.1063/5.0014238.
Bobkov, V., F. Braun, R. Dux, A. Herrmann, H. Faugel, H. Fünfgelder, A. Kallenbach, et al. 2016. ‘First Results with 3-Strap ICRF Antennas in ASDEX Upgrade’. Nuclear Fusion 56 (8): 084001. https://doi.org/10.1088/0029-5515/56/8/084001.
Bobkov, V., I. Stepanov, P. Jacquet, I. Monakhov, R. Bilato, L. Colas, A. Czarnecka, et al. 2014. ‘Influence of Gas Injection Location and Magnetic Perturbations on ICRF Antenna Performance in ASDEX Upgrade’. AIP Conference Proceedings 1580 (1): 271–74. https://doi.org/10.1063/1.4864540.
Bobkov, Vl.V., F. Braun, R. Dux, A. Herrmann, L. Giannone, A. Kallenbach, A. Krivska, et al. 2010. ‘Assessment of Compatibility of ICRF Antenna Operation with Full W Wall in ASDEX Upgrade’. Nuclear Fusion 50 (3): 035004. https://doi.org/10.1088/0029-5515/50/3/035004.
Bobkov, Volodymyr V, Mariia Usoltceva, Helmut Faugel, Ana Kostic, Riccardo Maggiora, Daniele Milanesio, Vincent Maquet, et al. 2021. ‘Development of Pre-Conceptual ITER-Type ICRF Antenna Design for DEMO’. Nuclear Fusion, February. https://doi.org/10.1088/1741-4326/abe7d0.
Bora, D., A. Mukherjee, J. P. Singh, S. Gangopadhyay, Sunil Kumar, and Raj Singh RF Group. 1999. ‘Ion Cyclotron Resonance Heating in SST-1 Tokamak’. AIP Conference Proceedings 485 (1): 172–75. https://doi.org/10.1063/1.59744.
Bosia, Giuseppe. 2003. ‘High-Power Density Ion Cyclotron Antennas for Next Step Applications’. Fusion Science and Technology 43 (2): 153–60. https://doi.org/10.13182/FST03-A256.
———. 2015. ‘Low Power Density Ion Cyclotron Arrays for Fusion Reactors’. Fusion Engineering and Design 92 (March): 8–15. https://doi.org/10.1016/j.fusengdes.2014.12.008.
Brambilla, M., and R. Bilato. 2021. ‘Simulations of ICRF Heating of Fusion Oriented Plasmas in Plane-Stratified and Full Toroidal Geometry’. Nuclear Fusion 61 (7): 076016. https://doi.org/10.1088/1741-4326/ac0128.
Brambilla, M., and M. Ottaviani. 1985. ‘Mode Conversion near Ion-Ion Hybrid and IC Harmonic Resonances in Tokamaks’. Plasma Physics and Controlled Fusion 27 (1): 1–17. https://doi.org/10.1088/0741-3335/27/1/001.
Brambilla, Marco. 1998. Kinetic Theory of Plasma Waves: Homogeneous Plasmas. Oxford University Press. https://doi.org/10.1088/0029-5515/38/11/701.
Brank, M., R. A. Pitts, G. Simič, P. Lamalle, M. Kocan, F. Köchl, Y. Gribov, V. Polli, and L. Kos. 2021. ‘Assessment of Plasma Power Deposition on the ITER ICRH Antennas’. Nuclear Materials and Energy 27 (June): 101021. https://doi.org/10.1016/j.nme.2021.101021.
Bucalossi, J., J. Achard, O. Agullo, T. Alarcon, L. Allegretti, H. Ancher, G. Antar, et al. 2022. ‘Operating a Full Tungsten Actively Cooled Tokamak: Overview of WEST First Phase of Operation’. Nuclear Fusion 62 (4): 042007. https://doi.org/10.1088/1741-4326/ac2525.
Bures, M., H. Brinkschulte, J. Jacquinot, K. D. Lawson, A. Kaye, and J. A. Tagle. 1988. ‘The Modification of the Plasma Edge and Impurity Production by Antenna Phasing during ICRF Heating on JET’. Plasma Physics and Controlled Fusion 30 (2): 149–67. https://doi.org/10.1088/0741-3335/30/2/004.
Bureš, M., J. J. Jacquinot, D. F. H. Start, and M. Brambilla. 1990. ‘Role of the Antenna Screen Angle during ICRF Heating in JET’. Nuclear Fusion 30 (2): 251–63. https://doi.org/10.1088/0029-5515/30/2/005.
Buzhinskij, Oleg I., and Yuri M. Semenets. 1997. ‘Review of in Situ Boronization in Contemporary Tokamaks’. Fusion Technology 32 (1): 1–13. https://doi.org/10.13182/FST97-A19875.
Cairns, R. A. 1991. Radiofrequency Heating of Plamas. Hilger, Adam.
Cairns, R. A., and A. D. R. Phelps. 1996. Generation and Application of High Power Microwaves. CRC Press.
Cardinali, A., T. Bolzonella, C. Castaldo, S. Ceccuzzi, G. Granucci, G. L. Ravera, A. A. Tuccillo, M. Vallar, and P. Vincenzi. 2020. ‘Study of Ion Cyclotron Heating Scenarios and Fast Particles Generation in the Divertor Tokamak Test Facility’. Plasma Physics and Controlled Fusion 62 (4): 044001. https://doi.org/10.1088/1361-6587/ab73da.
Castaño Bardawil, D.A., B. Schweer, J. Ongena, W. Behr, K. Crombé, G. Czymek, X. Han, et al. 2021. ‘Design Improvements, Assembly and Testing of the ICRH Antenna for W7-X’. Fusion Engineering and Design 166 (May): 112205. https://doi.org/10.1016/j.fusengdes.2020.112205.
Caughman, J. B. O., C. Castano-Giraldo, M. Aghazarian, F. W. Baity, D. A. Rasmussen, D. N. Ruzic, Philip M. Ryan, and David Rasmussen. 2007. ‘Study of RF Breakdown Mechanisms Relevant to an ICH Antenna Environment’. In AIP Conference Proceedings, 933:195–202. Clearwater (Florida): AIP. https://doi.org/10.1063/1.2800475.
Ceccuzzi, S., A. Cardinali, C. Castaldo, G. Granucci, V.P. Loschiavo, R. Maggiora, D. Milanesio, F. Mirizzi, G.L. Ravera, and A.A. Tuccillo. 2019. ‘Conceptual Definition of an ICRF System for the Italian DTT’. Fusion Engineering and Design 146 (September): 361–64. https://doi.org/10.1016/j.fusengdes.2018.12.068.
Chakraborty, A. K., Ujjwal Baruah, Aparajita Mukherjee, S. L. Rao, Vinay Kumar, Narinder P. Singh, Ajith Kumar, et al. 2019. ‘Progress of ITER-India Activities for ITER Deliverables—Challenges and Mitigation Measures’. Nuclear Fusion 59 (11): 112024. https://doi.org/10.1088/1741-4326/ab4358.
Chen, Gen, Yanping Zhao, Yuzhou Mao, Yuan Shuai, Xinjun Zhang, and Chengming Qing. 2017. ‘High-Power Fast-Response Ferrite Tuner for ICRF Impedance Matching in EAST’. Fusion Science and Technology 71 (2): 144–49. https://doi.org/10.13182/fst15-228.
Chen, Z., J. Hillairet, V. Turq, Y. Song, R. Laloo, K. Vulliez, J.M. Bernard, et al. 2017. ‘Multi-Physics Modeling and Au-Ni/Rh Coating Assessment for ITER Ion Cyclotron Resonance Heating Radio-Frequency Sliding Contacts’. In 2017 IEEE Holm Conference on Electrical Contacts, 26–33. https://doi.org/10.1109/holm.2017.8088059.
Chen, Zhaoxi, Karl Vulliez, Fabien Ferlay, André Martinez, Patrick Mollard, Julien Hillairet, Louis Doceul, et al. 2015. ‘Design and Optimization of the WEST ICRH Antenna Front Face Components Based on Thermal and Hydraulic Analysis’. Fusion Engineering and Design 94 (May): 82–89. https://doi.org/10.1016/j.fusengdes.2015.03.043.
Clairet, F, L Colas, S Heuraux, and G Lombard. 2004. ‘ICRF Coupling and Edge Density Profile on Tore Supra’. Plasma Physics and Controlled Fusion 46 (10): 1567–80. https://doi.org/20040909031302.
Colas, L., J. P. Gunn, I. Nanobashvili, V. Petržílka, M. Goniche, A. Ekedahl, S. Heuraux, et al. 2007. ‘2-D Mapping of ICRF-Induced SOL Perturbations in Tore Supra Tokamak’. Journal of Nuclear Materials, Plasma-Surface Interactions-17, 363–365 (June): 555–59. https://doi.org/10.1016/j.jnucmat.2006.12.052.
Colas, L., Ph. Jacquet, G. Agarici, C. Portafaix, and M. Goniche. 2009. ‘RF‐sheath Heat Flux Estimates on Tore Supra and JET ICRF Antennae. Extrapolation to ITER’. AIP Conference Proceedings 1187 (1): 133–36. https://doi.org/10.1063/1.3273711.
Colas, L., J. Jacquot, J. Hillairet, W. Helou, W. Tierens, S. Heuraux, E. Faudot, L. Lu, and G. Urbanczyk. 2019. ‘Perfectly Matched Layers for Time-Harmonic Transverse Electric Wave Propagation in Cylindrical and Toroidal Gyrotropic Media’. Journal of Computational Physics 389 (July): 94–110. https://doi.org/10.1016/j.jcp.2019.02.017.
Colas, L., G. Urbanczyk, M. Goniche, J. Hillairet, J.-M. Bernard, C. Bourdelle, N. Fedorczak, et al. 2021. ‘The Geometry of the ICRF-Induced Wave–SOL Interaction. A Multi-Machine Experimental Review in View of the ITER Operation’. Nuclear Fusion 62 (1): 016014. https://doi.org/10.1088/1741-4326/ac35f9.
Compernolle, B. Van, M.W. Brookman, C.P. Moeller, R.I. Pinsker, A.M. Garofalo, R. O’Neill, D. Geng, et al. 2021. ‘The High-Power Helicon Program at DIII-D: Gearing up for First Experiments’. Nuclear Fusion 61 (11): 116034. https://doi.org/10.1088/1741-4326/ac25c0.
Dash, Ajit Kumar, and Asim Kumar Chattopadhyay. 2021. ‘Estimation of Power Transmission of Fast Wave in ICRF Range Through Tokamak Plasma Edge with the Help of Reflection Coefficient’. Fusion Science and Technology 77 (1): 67–75. https://doi.org/10.1080/15361055.2020.1843866.
D’Inca, R. 2011. ‘Arc Detection for the ICRF System on ITER’. AIP Conference Proceedings 1406 (1): 5–12. https://doi.org/10.1063/1.3664917.
D’Inca, R., S. Assas, V. Bobkov, F. Braun, B. Eckert, and J.‐M. Noterdaeme. 2007. ‘Comparison of Different Arc Detection Methods during Plasma Operations with ICRF Heating on ASDEX Upgrade’. AIP Conference Proceedings 933 (1): 203–6. https://doi.org/10.1063/1.2800476.
D’Inca, R., F. Braun, B. Eckert, and J.-M. Noterdaeme. 2011. ‘Progress in the Design of a Sub-Harmonic Arc Detector for ITER’. Fusion Engineering and Design 86 (6–8): 967–70. https://doi.org/10.1016/j.fusengdes.2011.01.088.
D’Inca, R., A. Onyshchenko, F. Braun, G. Siegl, V. Bobkov, H. Faugel, and J.-M. Noterdaeme. 2009. ‘Characterization of Arcs in ICRF Transmission Lines’. Fusion Engineering and Design 84 (2–6): 685–88. https://doi.org/10.1016/j.fusengdes.2008.12.045.
Douai, D., D. Kogut, T. Wauters, S. Brezinsek, G. J. M. Hagelaar, S. H. Hong, P. J. Lomas, et al. 2015. ‘Wall Conditioning for ITER: Current Experimental and Modeling Activities’. Journal of Nuclear Materials, PLASMA-SURFACE INTERACTIONS 21, 463 (August): 150–56. https://doi.org/10.1016/j.jnucmat.2014.12.034.
Dumont, R. J., and D. Zarzoso. 2012. ‘Heating and Current Drive by Ion Cyclotron Waves in the Activated Phase of ITER’. Nuclear Fusion 53 (1): 013002. https://doi.org/10.1088/0029-5515/53/1/013002.
Dumont, R.J. 2021. ‘Magnetic Confinement Fusion—Plasma Theory: Heating and Current Drive’. In Encyclopedia of Nuclear Energy, 479–92. Elsevier. https://doi.org/10.1016/B978-0-12-819725-7.00073-8.
Dumortier, P., F. Durodié, P. Jacquet, E. Lerche, I. Monakhov, C. Noble, and P. Puglia. 2021. ‘JET ILA Full Array and Polychromatic Operation’. Fusion Engineering and Design 169 (August): 112489. https://doi.org/10.1016/j.fusengdes.2021.112489.
Dumortier, P., T. Huijser, R. D’Inca, H. Faugel, D. Hangan, S. Huygen, A. Messiaen, et al. 2011. ‘Optical Signature of RF Arcs in the ICRH Frequency Range’. Fusion Engineering and Design 86 (6–8): 831–34. https://doi.org/10.1016/j.fusengdes.2011.02.080.
Dumortier, P., E. Lerche, F. Durodié, T. Blackman, W. Helou, I. Monakhov, and C. Noble. 2019. ‘Review of the JET ILA Scattering-Matrix Arc Detection System’. Fusion Engineering and Design, August, 110669. https://doi.org/10.1016/j.fusengdes.2019.01.085.
Dumortier, Pierre, Frédéric Durodié, Trevor Blackman, Walid Helou, Philippe Jacquet, Ernesto Lerche, Igor Monakhov, et al. 2017. ‘Reinstated JET ICRF ILA: Overview and Results’. EPJ Web of Conferences 157: 03010. https://doi.org/10.1051/epjconf/201715703010.
Durodié, F., Ph. Chappuis, J. Fanthome, R.H. Goulding, J. Hosea, P.U. Lamalle, A. Lorenz, M.P.S. Nightingale, L. Semeraro, and F. Wesner. 2005. ‘Main Design Features and Challenges of the ITER-like ICRF Antenna for JET’. Fusion Engineering and Design 74 (1–4): 223–28. https://doi.org/10.1016/j.fusengdes.2005.08.019.
Durodié, F., P. Dumortier, T. Blackman, E. Wooldridge, E. Lerche, W. Helou, R.H. Goulding, et al. 2017. ‘ITER-like Antenna for JET First Results of the Advanced Matching Control Algorithms’. Fusion Engineering and Design 123 (November): 253–58. https://doi.org/10.1016/j.fusengdes.2017.05.113.
Durodié, F, M P S Nightingale, M-L Mayoral, J Ongena, A Argouarch, G BergerBy, T Blackman, et al. 2012. ‘Physics and Engineering Results Obtained with the Ion Cyclotron Range of Frequencies ITER-like Antenna on JET’. Plasma Physics and Controlled Fusion 54 (7): 074012. https://doi.org/10.1088/0741-3335/54/7/074012.
Durodié, F., M. Vrancken, R. Bamber, L. Colas, P. Dumortier, D. Hancock, S. Huygen, et al. 2014. ‘Performance Assessment of the ITER ICRF Antenna’. In , 362–65. Sorrento, Italy. https://doi.org/10.1063/1.4864563.
Dux, R., V. Bobkov, A. Herrmann, A. Janzer, A. Kallenbach, R. Neu, M. Mayer, et al. 2009. ‘Plasma-Wall Interaction and Plasma Behaviour in the Non-Boronised All Tungsten ASDEX Upgrade’. Journal of Nuclear Materials, Proceedings of the 18th International Conference on Plasma-Surface Interactions in Controlled Fusion Device, 390–391 (June): 858–63. https://doi.org/10.1016/j.jnucmat.2009.01.225.
Eester, D. Van. 2012. ‘Modeling Particle Heating and Current Drive in Fusion Machines: Brief Overview of Adopted Techniques’. Fusion Science and Technology 61 (2T): 347–54. https://doi.org/10.13182/FST12-A13521.
Eester, D. Van, E. Lerche, Y. Andrew, T. M. Biewer, A. Casati, K. Crombé, E. de la Luna, et al. 2009. ‘JET (3He)–D Scenarios Relying on RF Heating: Survey of Selected Recent Experiments’. Plasma Physics and Controlled Fusion 51 (4): 044007. https://doi.org/10.1088/0741-3335/51/4/044007.
Eester, D. Van, E. Lerche, T. J. Johnson, T. Hellsten, J. Ongena, M.-L. Mayoral, D. Frigione, et al. 2012. ‘Minority and Mode Conversion Heating in (3He)–H JET Plasmas’. Plasma Physics and Controlled Fusion 54 (7): 074009. https://doi.org/10.1088/0741-3335/54/7/074009.
Eester, D. Van, F Louche, and R Koch. 2002. ‘Re-Evaluation of ITER Ion Cyclotron Operating Scenarios’. Nuclear Fusion 42 (3): 310–28. https://doi.org/10.1088/0029-5515/42/3/312.
Ekedahl, A., V. Basiuk, J. Bucalossi, L. Colas, Y. Corre, R. Dumont, L.‐G. Eriksson, et al. 2007. ‘RF Coupling and Antenna Heat Load Control for Combined LHCD and ICRH in Tore Supra’. AIP Conference Proceedings 933 (1): 237–44. https://doi.org/10.1063/1.2800483.
England, A.C., O.C. Eldridge, S.F. Knowlton, M. Porkolab, and J.R. Wilson. 1989. ‘Power Transmission and Coupling for Radiofrequency Heating of Plasmas’. Nuclear Fusion 29 (9): 1527–1633. https://doi.org/10.1088/0029-5515/29/9/011.
Evrard, M.P., and R.R. Weynants. 1982. ‘Icrh Antenna Coupling to Slow Waves Due to the Poloidal Field’. In Heating in Toroidal Plasmas 1982, 339–46. Elsevier. https://doi.org/10.1016/B978-1-4832-8428-6.50042-4.
Faugel, H., P. Angene, W. Becker, F. Braun, Vl. V. Bobkov, B. Eckert, F. Fischer, et al. 2005. ‘The ASDEX Upgrade ICRF System: Operational Experience and Developments’. Fusion Engineering and Design, Proceedings of the 23rd Symposium of Fusion Technology, 74 (1): 319–24. https://doi.org/10.1016/j.fusengdes.2005.06.268.
Faugel, H., V. Bobkov, H. Fünfgelder, Paul Bonoli, Robert Pinsker, and Xiaojie Wang. 2020. ‘The Prospects of ICRF Generators at ASDEX Upgrade’. AIP Conference Proceedings 2254 (1): 070006. https://doi.org/10.1063/5.0013529.
Faulconer, D. W. 1983. ‘Adverse Shielding of the Heating Field and High Ohmic Loss Introduced by Electrostatic Shields Employed in Radio‐frequency Heating of Plasma’. Journal of Applied Physics 54 (7): 3810–17. https://doi.org/10.1063/1.332605.
Federici, G., C. Bachmann, L. Barucca, C. Baylard, W. Biel, L. V. Boccaccini, C. Bustreo, et al. 2019. ‘Overview of the DEMO Staged Design Approach in Europe’. Nuclear Fusion 59 (6): 066013. https://doi.org/10.1088/1741-4326/ab1178.
Ferlay, F., J.M. Bernard, C. Dechelle, L.Doceul, D. Keller, J. Wagrez, R. Bamber, and M. Shannon. 2013. ‘First Analysis of Remote Handling Maintenance Procedure in the Hot Cell for the ITER ICH&CD Antenna – RVTL Replacement’. Fusion Engineering and Design 88 (9–10): 1924–28. https://doi.org/10.1016/j.fusengdes.2013.01.044.
Fisch, Nathaniel J. 1987. ‘Theory of Current Drive in Plasmas’. Reviews of Modern Physics 59 (1): 175–234. https://doi.org/10.1103/revmodphys.59.175.
Franke, Thomas, E. Barbato, G. Bosia, A. Cardinali, S. Ceccuzzi, R. Cesario, D. Van Eester, et al. 2015. ‘Technological and Physics Assessments on Heating and Current Drive Systems for DEMO’. Fusion Engineering and Design 96–97 (October): 468–72. https://doi.org/10.1016/j.fusengdes.2014.12.036.
Freidberg, Jeffrey P. 2007. Plasma Physics and Fusion Energy. Vol. 1. Cambridge University Press. http://books.google.com/books?hl=en&amp;lr=&amp;id=Vyoe88GEVz4C&amp;oi=fnd&amp;pg=PA3&amp;dq=Plasma+physics+and+fusion+energy&amp;ots=YvnpbizFsX&amp;sig=Cu0BZ0VcBGR0LHPrYF0bJZRR3KQ.
Fuenfgelder, H., D. Aguiam, O. D’Arcangelo, V. Bobkov, S. Ceccuzzi, Y. Chen, H. Faugel, et al. 2017. ‘A Double Success Story: The International Cooperation to Build the New ICRF Antennas on ASDEX Upgrade and the Results Obtained’. Fusion Engineering and Design 123 (November): 40–46. https://doi.org/10.1016/j.fusengdes.2017.03.114.
Fundamentals of Magnetic Fusion Technology. 2021. IAEA. https://inis.iaea.org/collection/NCLCollectionStore/_Public/52/090/52090829.pdf?r=1.
Ganji, Jayesh, Yogesh M. Jain, Pramod R. Parmar, Kirankumar Ambulkar, P. K. Sharma, and Harish V. Dixit. 2022. ‘Development and Testing of Prototype Interdigital TWA for Fast Wave Current Drive in SST-1 Tokamak’. Fusion Engineering and Design 175 (February): 113000. https://doi.org/10.1016/j.fusengdes.2021.113000.
Garrett, M.L., and S.J. Wukitch. 2012. ‘Mitigation of Radio Frequency Sheaths through Magnetic Field-Aligned ICRF Antenna Design’. Fusion Engineering and Design 87 (9): 1570–75. https://doi.org/10.1016/j.fusengdes.2012.04.011.
Golant, V. E., and V.I. Federov. 1989. RF Plasma Heating in Toroidal Fusion Devices. Consultants Bureau.
Goniche, M., C. El Mhari, M. Francisquez, S. Anza, J.H. Belo, P. Hertout, and J. Hillairet. 2014. ‘Modelling of Power Limit in RF Antenna Waveguides Operated in the Lower Hybrid Range of Frequency’. Nuclear Fusion 54 (1): 013003. https://doi.org/10.1088/0029-5515/54/1/013003.
Goniche, Marc. 2021. ‘Developing High Performance RF Heating Scenarios on the WEST Tokamak’. Submitted to Nuclear Fusion, 2021.
Goulding, R. H., D. J. Hoffman, P. M. Ryan, G. Bosia, M. Bures, D. Start, T. Wade, C. C. Petty, and R. I. Pinsker. 1994. ‘Power Compensators for Phased Operation of Antenna Arrays on JET and DIII‐D’. AIP Conference Proceedings 289 (1): 351–54. https://doi.org/10.1063/1.44958.
Goulding, R. H., M. P. McCarthy, D. A. Rasmussen, D. W. Swain, G. C. Barber, C. N. Barbier, I. H. Campbell, et al. 2014. ‘Status of Transmission Line and Matching Network Design and Testing for the ITER Ion Cyclotron Heating and Current Drive System’. AIP Conference Proceedings 1580 (1): 370–73. https://doi.org/10.1063/1.4864565.
Graham, M, M-L Mayoral, I Monakhov, J Ongena, T Blackman, M P S Nightingale, E Wooldridge, et al. 2012. ‘Implementation of Load Resilient Ion Cyclotron Resonant Frequency (ICRF) Systems to Couple High Levels of ICRF Power to ELMy H-Mode Plasmas in JET’. Plasma Physics and Controlled Fusion 54 (7): 074011. https://doi.org/10.1088/0741-3335/54/7/074011.
Granatstein, V. L., and P. L. Colestock, eds. 1985. Wave Heating and Current Drive in Plasmas. New York: Gordon and Breach.
Graves, T. P., B. LaBombard, S. Wukitch, and I. Hutchinson. 2006. ‘The Coaxial Multipactor Experiment (CMX): A Facility for Investigating Multipactor Discharges’. Review of Scientific Instruments 77 (1): 014701. https://doi.org/10.1063/1.2162749.
Graves, T. P., S. J. Wukitch, B. LaBombard, and I. H. Hutchinson. 2006. ‘Effect of Multipactor Discharge on Alcator C-Mod Ion Cyclotron Range of Frequency Heating’. Journal of Vacuum Science & Technology A: Vacuum, Surfaces, and Films 24 (3): 512–16. https://doi.org/10.1116/1.2194937.
Grine, D., A. Messiaen, M. Vervier, P. Dumortier, and R. Koch. 2012. ‘Summary and Results of the Study of the Hybrid Matching Option Implementation of the ITER ICRH System’. Fusion Engineering and Design 87 (2): 167–78. https://doi.org/10.1016/j.fusengdes.2011.12.006.
Hellsten, T., K. Appert, J. Vaclavik, and L. Villard. 1985. ‘Second-Harmonic Minority Heating’. Nuclear Fusion 25 (1): 99–105. https://doi.org/10.1088/0029-5515/25/1/011.
Hellsten, T., M. Laxåback, T. Bergkvist, T. Johnson, F. Meo, F. Nguyen, C. C. Petty, et al. 2005. ‘On the Parasitic Absorption in FWCD Experiments in JET ITB Plasmas’. Nuclear Fusion 45 (7): 706–20. https://doi.org/10.1088/0029-5515/45/7/020.
Helou, W., F. Durodié, J. Hillairet, E. Lerche, G. Lombard, D. Milanesio, P. Mollard, et al. 2020. ‘Characterizations and First Plasma Operation of the WEST Load-Resilient Actively Cooled ICRF Launchers’. AIP Conference Proceedings 2254 (1): 030009. https://doi.org/10.1063/5.0013992.
Helou, Walid, Laurent Colas, Julien Hillairet, Daniele Milanesio, Patrick Mollard, Arnaud Argouarch, Gilles Berger-By, et al. 2015. ‘Radio-Frequency Electrical Design of the WEST Long Pulse and Load-Resilient ICRH Launchers’. Fusion Engineering and Design 96–97 (October): 473–76. https://doi.org/10.1016/j.fusengdes.2015.01.005.
Hillairet, J., Z. Chen, G. Lombard, J.M. Delaplanche, K. Vulliez, Q. Yang, B. Beaumont, et al. 2018. ‘Radiofrequency and Mechanical Tests of Silver Coated CuCrZr Contacts for the ITER Ion Cyclotron Antenna’. Fusion Engineering and Design 129 (April): 29–39. https://doi.org/10.1016/j.fusengdes.2018.02.047.
Hillairet, J., P. Mollard, L. Colas, W. Helou, G. Urbanczyk, J.-M. Bernard, J.-M. Delaplanche, et al. 2021. ‘WEST Actively Cooled Load Resilient Ion Cyclotron Resonance Heating System Results’. Nuclear Fusion 61 (9): 096030. https://doi.org/10.1088/1741-4326/ac1759.
Hillairet, Julien, Arnaud Argouarch, Rob Bamber, Bertrand Beaumont, Jean-Michel Bernard, Jean-Marc Delaplanche, Frédéric Durodié, et al. 2015. ‘R&D Activities on RF Contacts for the ITER Ion Cyclotron Resonance Heating Launcher’. Fusion Engineering and Design 96–97 (October): 477–81. https://doi.org/10.1016/j.fusengdes.2015.04.005.
Hofmeister, F., F. Braun, and F. Wesner. 1994. ‘The RF System and Matching Procedure for ASDEX and ASDEX Upgrade’. Fusion Engineering and Design 24 (1–2): 83–89. https://doi.org/10.1016/0920-3796(94)90039-6.
Höhn, F., W. Jacob, R. Beckmann, and R. Wilhelm. 1997. ‘The Transition of a Multipactor to a Low-Pressure Gas Discharge’. Physics of Plasmas 4 (4): 940–44. https://doi.org/10.1063/1.872564.
Hooke, W. M., F. H. Tenney, M. H. Brennan, H. M. Hill, and T. H. Stix. 1961. ‘Experiments on Ion Cyclotron Waves’. The Physics of Fluids 4 (9): 1131–41. https://doi.org/10.1063/1.1706457.
Hosea, J., S. Bernabei, P. Colestock, S. L. Davis, P. Efthimion, R. J. Goldston, D. Hwang, et al. 1979. ‘Fast-Wave Heating of Two-Ion Plasmas in the Princeton Large Torus through Minority-Cyclotron-Resonance Damping’. Physical Review Letters 43 (24): 1802–6. https://doi.org/10.1103/physrevlett.43.1802.
Ikezi, H., and D. A. Phelps. 1997. ‘Traveling-Wave Antenna for Fast-Wave Heating and Current Drive in Tokamaks’. Fusion Technology 31 (1): 106–17. https://doi.org/10.13182/fst97-a30782.
Insepov, Zeke, and Jim Norem. 2013. ‘Can Surface Cracks and Unipolar Arcs Explain Breakdown and Gradient Limits?’ Journal of Vacuum Science & Technology A: Vacuum, Surfaces, and Films 31 (1): 011302. https://doi.org/10.1116/1.4766929.
ITER Organization. 2018. ‘ITER-Research-Plan within the Staged Approach’. ITR-18-003. ITER Organisation. https://www.iter.org/doc/www/content/com/Lists/ITER%20Technical%20Reports/Attachments/9/ITER-Research-Plan_final_ITR_FINAL-Cover_High-Res.pdf.
Jackson, G. L., J. S. deGrassie, C. P. Moeller, and R. Prater. 2007. ‘Second Harmonic Electron Cyclotron Pre-Ionization in the DIII-D Tokamak’. Nuclear Fusion 47 (4): 257–63. https://doi.org/10.1088/0029-5515/47/4/003.
Jacquet, P., G. Berger‐By, V. Bobkov, T. Blackman, I. E. Day, F. Durodié, M. Graham, et al. 2011. ‘Parasitic Signals in the Receiving Band of the Sub‐Harmonic Arc Detection System on JET ICRF Antennas’. AIP Conference Proceedings 1406 (1): 17–20. https://doi.org/10.1063/1.3664919.
Jacquet, P., G. Berger‐By, V. Bobkov, T. Blackman, F. Durodié, M.‐L. Mayoral, and M. Nightingale. 2009. ‘Characterisation of the Sub‐Harmonic Arc Detection System on JET ITER‐Like Antenna’. AIP Conference Proceedings 1187 (1): 241–44. https://doi.org/10.1063/1.3273738.
Jacquet, P., V. Bobkov, M.-L. Mayoral, I. Monakhov, J. M. Noterdaeme, A. Scarabosio, I. Stepanov, M. Vrancken, and E. Wolfrum and. 2012. ‘Improvement of ICRF Antenna Loading by Local Gas Injection on ASDEX Upgrade’. Nuclear Fusion 52 (4): 042002. https://doi.org/10.1088/0029-5515/52/4/042002.
Jacquet, P., L. Colas, M.-L. Mayoral, G. Arnoux, V. Bobkov, M. Brix, P. Coad, et al. 2011. ‘Heat Loads on JET Plasma Facing Components from ICRF and LH Wave Absorption in the SOL’. Nuclear Fusion 51 (10): 103018. https://doi.org/2011090103130700.
Jacquet, P., M. Goniche, V. Bobkov, E. Lerche, R. I. Pinsker, R. A. Pitts, W. Zhang, et al. 2016. ‘Maximization of ICRF Power by SOL Density Tailoring with Local Gas Injection’. Nuclear Fusion 56 (4): 046001. https://doi.org/10.1088/0029-5515/56/4/046001.
Jacquinot, J., B. D. McVey, and J. E. Scharer. 1977. ‘Mode Conversion of the Fast Magnetosonic Wave in a Deuterium-Hydrogen Tokamak Plasma’. Physical Review Letters 39 (2): 88–91. https://doi.org/10.1103/physrevlett.39.88.
Jacquinot, Jean, S. Putvinski, and Giuseppe Bosia. 1999. ‘Chapter 6: Plasma Auxiliary Heating and Current Drive’. Nuclear Fusion 39 (12): 2495–2539. https://doi.org/10.1088/0029-5515/39/12/306.
Jacquot, J, L Colas, F Clairet, M Goniche, S Heuraux, J Hillairet, G Lombard, and D Milanesio. 2013. ‘2D and 3D Modeling of Wave Propagation in Cold Magnetized Plasma near the Tore Supra ICRH Antenna Relying on the Perfecly Matched Layer Technique’. Plasma Physics and Controlled Fusion 55 (11): 115004. https://doi.org/10.1088/0741-3335/55/11/115004.
Jacquot, Jonathan, Volodymyr Bobkov, Laurent Colas, Stéphane Heuraux, Alena Křivská, Lingfeng Lu, and Jean-Marie Noterdaeme. 2015. ‘Full Wave Propagation Modelling in View to Integrated ICRH Wave Coupling/RF Sheaths Modelling’. AIP Conference Proceedings 1689 (1): 050008. https://doi.org/10.1063/1.4936496.
Jacquot, Jonathan, Daniele Milanesio, Laurent Colas, Yann Corre, Marc Goniche, and Jamie Gunn. 2015. ‘Radio-Frequency Sheaths Physics: Experimental Characterization on Tore Supra and Related Self-Consistent Modeling’. Phys. Plasmas, 11.
Jain, Abhinav, Rana Pratap Yadav, and Sunil Kumar. 2021. ‘Development of Mock-up Ion Cyclotron Resonance Heating System with a New Algorithmic Approach for Automatic Impedance Matching’. Fusion Engineering and Design 172 (November): 112908. https://doi.org/10.1016/j.fusengdes.2021.112908.
Jha, Akhil, J. V. S. Harikrishna, Ajesh Palliwar, Manoj Patel, Rohit Anand, Hrushikesh Dalicha, Paresh Vasava, Kumar Rajnish, Rajesh Trivedi, and Aparajita Mukherjee. 2020. ‘Performance Optimization of Test Facility for Coaxial Transmission Line Components Based on Traveling Wave Resonator’. Review of Scientific Instruments 91 (7): 074702. https://doi.org/10.1063/5.0005939.
Jha, Akhil, Jvs Harikrishna, P Ajesh, Rohit Anand, Rajesh Trivedi, and Aparajita Mukherjee. 2015. ‘Development of Traveling Wave Resonator Based Test Bed for High Power Transmission Line Component Testing’. AIP Conference Proceedings 1689 (1): 070006. https://doi.org/10.1063/1.4936513.
Kamio, Shuji, V E Moiseenko, Yurii Kovtun, Hiroshi Kasahara, Kenji Saito, Ryosuke Seki, Motonari Kanda, et al. 2021. ‘First Experiments on Plasma Production Using Field-Aligned ICRF Fast Wave Antennas in the Large Helical Device’. Nuclear Fusion. https://doi.org/10.1088/1741-4326/ac277b.
Kasahara, H., T. Seki, K. Saito, R. Seki, R. Kumazawa, Y. Yoshimura, S. Kubo, et al. 2014. ‘Development of Steady-State Operation Using Ion Cyclotron Heating in the Large Helical Device’. Physics of Plasmas 21 (6): 061505. https://doi.org/10.1063/1.4884363.
Kasahara, Hiroshi, Tetsuo Seki, Kenji Saito, Ryuhei Kumazawa, Takashi Mutoh, Fujio Shimpo, and Goro Nomura. 2010. ‘An Analysis of an ICRF Antenna with Controllable Toroidal Wavenumber in LHD’. Plasma and Fusion Research 5: S2090–S2090. https://doi.org/10.1585/pfr.5.S2090.
Kazakov, Ye O., D. Van Eester, R. Dumont, and J. Ongena. 2015. ‘On Resonant ICRF Absorption in Three-Ion Component Plasmas: A New Promising Tool for Fast Ion Generation’. Nuclear Fusion 55 (3): 032001. https://doi.org/10.1088/0029-5515/55/3/032001.
Kazakov, Ye. O., J. Ongena, J. C. Wright, S. J. Wukitch, V. Bobkov, J. Garcia, V. G. Kiptily, et al. 2021. ‘Physics and Applications of Three-Ion ICRF Scenarios for Fusion Research’. Physics of Plasmas 28 (2): 020501. https://doi.org/10.1063/5.0021818.
Kazakov, Ye O., J. Ongena, J. C. Wright, S. J. Wukitch, E. Lerche, M. J. Mantsinen, D. Van Eester, et al. 2017. ‘Efficient Generation of Energetic Ions in Multi-Ion Plasmas by Radio-Frequency Heating’. Nature Physics 13 (10): 973–78. https://doi.org/10.1038/nphys4167.
Kazarian, F., B. Beaumont, B. Arambhadiya, T. Gassmann, Ph. Lamalle, D. Rathi, A. Mukherjee, et al. 2011. ‘RF Sources for ITER Ion Cyclotron H&CD System’. Fusion Engineering and Design 86 (6–8): 888–91. https://doi.org/10.1016/j.fusengdes.2011.04.010.
Kikuchi, Mitsuru, Karl Lackner, M. Q Tran, and International Atomic Energy Agency. 2012. Fusion Physics. Vienna: International Atomic Energy Agency.
Kim, Hae Jin, Son Jong Wang, Byoung Ho Park, Jong-Gu Kwak, Julien Hillairet, and Jin Joo Choi. 2015. ‘RF Design and Tests on a Broadband, High-Power Coaxial Quadrature Hybrid Applicable to ITER ICRF Transmission Line System for Load-Resilient Operations’. Fusion Engineering and Design 96–97 (October): 498–502. https://doi.org/10.1016/j.fusengdes.2015.05.013.
Kim, Jeehyun, Sonjong Wang, Kwangho Jang, Hyunyeong Lee, and Hyunho Wi. 2021. ‘Test and Operation of High-Power RF System for KSTAR Helicon Current Drive System’. Fusion Engineering and Design 166 (May): 112301. https://doi.org/10.1016/j.fusengdes.2021.112301.
Kishek, R. A., Y. Y. Lau, L. K. Ang, A. Valfells, and R. M. Gilgenbach. 1998. ‘Multipactor Discharge on Metals and Dielectrics: Historical Review and Recent Theories’. Physics of Plasmas 5 (5): 2120–26. https://doi.org/10.1063/1.872883.
Koch, R., P. Dumortier, F. Durodié, S. Huygen, A. Lyssoivan, A. M. Messiaen, P. E. Vandenplas, G. Van Wassenhove, M. Vervier, and R. R. Weynants. 2005. ‘Ion Cyclotron Resonance Heating on TEXTOR’. Fusion Science and Technology 47 (2): 97–107. https://doi.org/10.13182/FST05-A691.
Koert, P., L. Zhou, S. J. Wukitch, A. Binus, E. Fitzgerald, A. Pfeiffer, and R. Murray. 2016. ‘Study of ICRF Ferrite Tuner’. IEEE Transactions on Plasma Science 44 (9): 1599–1602. https://doi.org/10.1109/TPS.2016.2555623.
Krasilnikov, A. V., S. V. Konovalov, E. N. Bondarchuk, I. V. Mazul’, I. Yu. Rodin, A. B. Mineev, E. G. Kuz’min, et al. 2021. ‘Tokamak with Reactor Technologies (TRT): Concept, Missions, Key Distinctive Features and Expected Characteristics’. Plasma Physics Reports 47 (11): 1092–1106. https://doi.org/10.1134/S1063780X21110192.
Křivská, A., V. Bobkov, L. Colas, P. Dumortier, F. Durodié, P Jacquet, C. C. Klepper, D. Milanesio, and G. Urbanczyk. 2019. ‘RF Sheath Modeling of Experimentally Observed Plasma Surface Interactions with the JET ITER-Like Antenna’. Nuclear Materials and Energy 19 (May): 324–29. https://doi.org/10.1016/j.nme.2019.03.009.
Kumazawa, R., T. Mutoh, K. Saito, T. Seki, Y. Nakamura, S. Kubo, T. Shimozuma, et al. 2006. ‘Long-Pulse Plasma Discharge on the Large Helical Device’. Nuclear Fusion 46 (3): S13–21. https://doi.org/10.1088/0029-5515/46/3/S03.
Kumazawa, R., T. Mutoh, T. Seki, F. Sinpo, G. Nomura, T. Ido, T. Watari, Jean-Marie Noterdaeme, and Yangping Zhao. 1999. ‘Liquid Stub Tuner for Ion Cyclotron Heating’. Review of Scientific Instruments 70 (6): 2665–73. https://doi.org/10.1063/1.1149826.
Kumazawa, R., K. Saito, H. Kasahara, T. Seki, T. Mutoh, F. Shimpo, G. Nomura, et al. 2008. ‘Advanced Impedance Matching System for ICRF Heating Using Innovative Twin Stub Tuner and Frequency Variation’. Nuclear Fusion 48 (11): 115002. https://doi.org/10.1088/0029-5515/48/11/115002.
Kumazawa, Ryuhei, Hiroshi Kasahara, Kenji Saito, Tetsuo Seki, Takashi Mutoh, Fujio Shinpo, Goro Nomura, Yanping Zhao, and Jong-Gu Kwak. 2011. ‘Numerical Calculations and RF Characteristics Measurement of Complex-Conjugate Impedance Antenna System for ICRF Heating and Current Drive’. Nuclear Fusion 51 (5): 053005. https://doi.org/10.1088/0029-5515/51/5/053005.
Lamalle, P., B. Beaumont, F. Kazarian, T. Gassmann, G. Agarici, P. Ajesh, T. Alonzo, et al. 2013. ‘Status of the ITER Ion Cyclotron H&CD System’. Fusion Engineering and Design 88 (6–8): 517–20. https://doi.org/10.1016/j.fusengdes.2012.11.027.
Lancellotti, V, D Milanesio, R Maggiora, G Vecchi, and V Kyrytsya. 2006. ‘TOPICA: An Accurate and Efficient Numerical Tool for Analysis and Design of ICRF Antennas’. Nuclear Fusion 46 (7): S476–99. https://doi.org/10.1088/0029-5515/46/7/S10.
LeBlanc, B. P., R. E. Bell, P. T. Bonoli, J. C. Hosea, D. W. Johnson, T. K. Mau, J. Menard, et al. 2001. ‘High-Harmonic Fast-Wave Heating in NSTX’. AIP Conference Proceedings 595 (1): 51–58. https://doi.org/10.1063/1.1424147.
Lee, H. Y., J. S. Kang, H. H. Wi, S. J. Wang, J. G. Kwak, and K. Saito. 2021. ‘Power Deposition of H Minority Heating with a New Compact ICRF Antenna in KSTAR’. Journal of the Korean Physical Society, April. https://doi.org/10.1007/s40042-021-00141-y.
Leonard, K., R. H. Goulding, and S. Zinkle. 2007. ‘Neutron Radiation Effects on the Dielectric Loss Tangent of Ceramic Insulators’, July. https://www.osti.gov/etdeweb/biblio/21203160.
Lerche, E., D. Van Eester, P. Jacquet, M.-L. Mayoral, V. Bobkov, L. Colas, A. Czarnecka, et al. 2014. ‘Impact of Minority Concentration on Fundamental (H)D ICRF Heating Performance in JET-ILW’. Nuclear Fusion 54 (7): 073006. https://doi.org/10.1088/0029-5515/54/7/073006.
Lerche, E., D. Van Eester, A. Krasilnikov, J. Ongena, and P. Lamalle and. 2009. ‘Modelling of D Majority ICRH at JET: Impact of Absorption at the Doppler-Shifted Resonance’. Plasma Physics and Controlled Fusion 51 (4): 044006. https://doi.org/10.1088/0741-3335/51/4/044006.
Lerche, E., D. Van Eester, J. Ongena, M.-L. Mayoral, M. Laxaback, F. Rimini, A. Argouarch, et al. 2011. ‘Optimizing Ion-Cyclotron Resonance Frequency Heating for ITER: Dedicated JET Experiments’. Plasma Physics and Controlled Fusion 53 (12): 124019. https://doi.org/10.1088/0741-3335/53/12/124019.
Lerche, E., M. Goniche, P. Jacquet, D. Van Eester, V. Bobkov, L. Colas, A. Czarnecka, et al. 2015. ‘Impact of Localized Gas Injection on ICRF Coupling and SOL Parameters in JET-ILW H-Mode Plasmas’. Journal of Nuclear Materials, PLASMA-SURFACE INTERACTIONS 21, 463 (August): 634–39. https://doi.org/10.1016/j.jnucmat.2014.10.074.
Lerche, E., M. Goniche, P. Jacquet, D. Van Eester, V. Bobkov, L. Colas, C. Giroud, et al. 2016. ‘Optimization of ICRH for Core Impurity Control in JET-ILW’. Nuclear Fusion 56 (3): 036022. https://doi.org/10.1088/0029-5515/56/3/036022.
Lerche, E., D. Van Eester, A. Messiaen, T. Franke, and EFDA-PPPT contributors. 2014. ‘Fast Wave Current Drive in DEMO’. In , 338–41. Sorrento, Italy. https://doi.org/10.1063/1.4864557.
Li, Jiahao, Qingxi Yang, Yuntao Song, Chao Yu, Shilin Chen, Hao Xu, and Dan Du. 2021. ‘RF Wave Propagation Simulation for ICRF Antenna in EAST’. Journal of Nuclear Science and Technology 0 (0): 1–8. https://doi.org/10.1080/00223131.2021.1879689.
Li, Jingchun, X. T. Ding, J. Q. Dong, and S. F. Liu. 2020. ‘Helicon Wave Heating and Current Drive in Toroidal Plasmas’. Plasma Physics and Controlled Fusion 62 (9): 095013. https://doi.org/10.1088/1361-6587/aba367.
Li, Xinxia, Guozhuang Li, and Hongbo Liu. 2021. ‘Optimization of Helicon Wave Off-Axis Current Drive in CFETR Tokamak’. Fusion Engineering and Design 172 (November): 112897. https://doi.org/10.1016/j.fusengdes.2021.112897.
Li, Xinxia, Hongbo Liu, Nong Xiang, and Miaohui Li. 2020. ‘Theoretical Analysis of Helicon Wave Current Drive in EAST with High Βe Operation’. Physics Letters A 384 (30): 126779. https://doi.org/10.1016/j.physleta.2020.126779.
Lin, Y., A. Binus, S. J. Wukitch, P. Koert, R. Murray, and A. Pfeiffer. 2015. ‘ICRF Antenna Matching System with Ferrite Tuners for the Alcator C-Mod Tokamak’. In , 070009. California, USA. https://doi.org/10.1063/1.4936516.
Lin, Y., J. C. Wright, and S. J. Wukitch. 2020. ‘Physics Basis for the ICRF System of the SPARC Tokamak’. Journal of Plasma Physics 86 (5). https://doi.org/10.1017/s0022377820001269.
Liu, L. N., L. Wang, S. Yuan, Y. Z. Mao, K. Saito, X. J. Zhang, C. M. Qin, et al. 2022. ‘Impedance Matching System Using Triple Liquid Stub Tuners for High-Power Ion Cyclotron Resonance Heating in EAST Tokamak’. Review of Scientific Instruments 93 (4): 043506. https://doi.org/10.1063/5.0076421.
Lu, L, L Colas, J Jacquot, B Després, S Heuraux, E Faudot, D Van Eester, et al. 2018. ‘Modelling of Radio Frequency Sheath and Fast Wave Coupling on the Realistic Ion Cyclotron Resonant Antenna Surroundings and the Outer Wall’. Plasma Physics and Controlled Fusion 60 (3): 035003. https://doi.org/10.1088/1361-6587/aaa030.
Lyssoivan, A., R. Koch, D. Douai, J. -M. Noterdaeme, V. Philipps, V. Rohde, F. C. Schüller, et al. 2011. ‘ICRF Physics Aspects of Wall Conditioning with Conventional Antennas in Large-Size Tokamaks’. Journal of Nuclear Materials, Proceedings of the 19th International Conference on Plasma-Surface Interactions in Controlled Fusion, 415 (1, Supplement): S1029–32. https://doi.org/10.1016/j.jnucmat.2010.11.059.
Machielsen, M., J. P. Graves, and W. A. Cooper. 2021. ‘ICRF Modelling in 2D and 3D Magnetic Configurations Using a Hot Plasma Model’. Plasma Physics and Controlled Fusion 63 (9): 094002. https://doi.org/10.1088/1361-6587/ac11b2.
Mantsinen, M. J., L.-G. Eriksson, E. Gauthier, G. T. Hoang, E. Joffrin, R. Koch, X. Litaudon, et al. 2003. ‘Application of ICRF Waves in Tokamaks beyond Heating’. Plasma Physics and Controlled Fusion 45 (12A): A445–56. https://doi.org/10.1088/0741-3335/45/12A/028.
Mantsinen, M J, D Gallart, J Manyer, C Challis, P Jacquet, V Kiptily, M Sertoli, et al. 2021. ‘Recent Key Contributions of Icrf Heating in Support of Plasma Scenario Development and Fast Ion Studies on Jet and Asdex Upgrade’. In , 8. https://nucleus.iaea.org/sites/fusionportal/Shared%20Documents/FEC%202020/fec2020-preprints/preprint0991.pdf.
Mantsinen, M. J., M.-L. Mayoral, D. Van Eester, B. Alper, R. Barnsley, P. Beaumont, J. Bucalossi, et al. 2003. ‘Localized Bulk Electron Heating with ICRF Mode Conversion in the JET Tokamak’. Nuclear Fusion 44 (1): 33–46. https://doi.org/10.1088/0029-5515/44/1/004.
Mao, Yuzhou, Shuai Yuan, Yanping Zhao, Xinjun Zhang, Gen Chen, Yan Cheng, Lei Wang, et al. 2013. ‘High Power RF Transmitters for ICRF Applications on EAST’. Plasma Science and Technology 15 (3): 261–65. https://doi.org/10.1088/1009-0630/15/3/14.
Maquet, V., A. Druart, and A. Messiaen. 2021. ‘Analytical Edge Power Loss at the Lower Hybrid Resonance: ANTITER IV Validation and Application to Ion Cyclotron Resonance Heating Systems’. Journal of Plasma Physics 87 (6). https://doi.org/10.1017/s0022377821001161.
Mayoral, M.-L., I. Monakhov, T. Walden, Vl. V. Bobkov, T. Blackman, M. Graham, J. Mailloux, et al. 2007. ‘Hybrid Couplers On The JET ICRF System: Commissioning And First Results on ELMs’. In AIP Conference Proceedings, 933:143–46. Clearwater (Florida): AIP. https://doi.org/10.1063/1.2800462.
Melnikov, A. V., J. Ongena, A. M. Messiaen, R. Ragona, A. V. Sushkov, Ye. O. Kazakov, Dirk Van Eester, Yu. N. Dnestrovskii, P. P. Khvostenko, and I. N. Roy. 2020. ‘Conceptual Study of an ICRH Traveling Wave Antenna (TWA) for T-15MD at 60 MHz’. AIP Conference Proceedings 2254 (1): 070007. https://doi.org/10.1063/5.0014265.
Messiaen, A., R. Koch, R.R. Weynants, P. Dumortier, F. Louche, R. Maggiora, and D. Milanesio. 2010. ‘Performance of the ITER ICRH System as Expected from TOPICA and ANTITER II Modelling’. Nuclear Fusion 50 (2): 025026. https://doi.org/10.1088/0029-5515/50/2/025026.
Messiaen, A., and V. Maquet. 2020. ‘Coaxial and Surface Mode Excitation by an ICRF Antenna in Large Machines like DEMO and ITER’. Nuclear Fusion 60 (7): 076014. https://doi.org/10.1088/1741-4326/ab8d05.
Messiaen, A, V Maquet, and J Ongena. 2021. ‘Ion Cyclotron Resonance Heating Fast and Slow Wave Excitation and Power Deposition in Edge Plasmas with Application to ITER’. Plasma Physics and Controlled Fusion 63 (4): 045021. https://doi.org/10.1088/1361-6587/abdf2b.
Messiaen, A., and R. Weynants. 2011. ‘ICRH Antenna Coupling Physics and Optimum Plasma Edge Density Profile. Application to ITER’. Plasma Physics and Controlled Fusion 53 (8): 085020. https://doi.org/10.1088/0741-3335/53/8/085020.
Messiaen, Andre, and Riccardo Ragona. 2017. ‘Modeling of the Traveling Wave Antenna in View of the ICRF Heating of DEMO’. Edited by J. Hillairet. EPJ Web of Conferences 157: 03033. https://doi.org/10.1051/epjconf/201715703033.
Milanesio, D, V Lancellotti, L Colas, R Maggiora, V Kyrytsya, and G Vecchi. 2007. ‘Analysis of the Tore Supra ICRF Antenna with TOPICA’. Plasma Physics and Controlled Fusion 49 (4): 405–19. https://doi.org/10.1088/0741-3335/49/4/005.
Milanesio, D., and R. Maggiora. 2010. ‘ITER ICRF Antenna Analysis and Optimization Using the TOPICA Code’. Nuclear Fusion 50 (2): 025007. https://doi.org/10.1088/0029-5515/50/2/025007.
Milanesio, D., O. Meneghini, V. Lancellotti, R. Maggiora, and G. Vecchi. 2009. ‘A Multi-Cavity Approach for Enhanced Efficiency in TOPICA RF Antenna Code’. Nuclear Fusion 49 (11): 115019. https://doi.org/10.1088/0029-5515/49/11/115019.
Moeller, C. P., R. W. Gould, D. A. Phelps, and R. I. Pinsker. 1994. ‘Combline Antennas for Launching Traveling Fast Waves’. In AIP Conference Proceedings, 289:323–26. Boston, Massachusetts (USA): AIP. https://doi.org/10.1063/1.44951.
Monakhov, I., V. Bobkov, M. Graham, M.-L. Mayoral, K. Nicholls, A. Walden, JET EFDA contributors, Philip M. Ryan, and David Rasmussen. 2007. ‘Voltage Node Arcing in the ICRH Antenna Vacuum Transmission Lines at JET’. In AIP Conference Proceedings, 933:151–54. Clearwater (Florida): AIP. https://doi.org/10.1063/1.2800464.
Monakhov, I., M. Graham, T. Blackman, S. Dowson, F. Durodie, P. Jacquet, J. Lehmann, et al. 2013. ‘Design and Operations of a Load-Tolerant External Conjugate-T Matching System for the A2 ICRH Antennas at JET’. Nuclear Fusion 53 (8): 083013. https://doi.org/10.1088/0029-5515/53/8/083013.
Monakhov, I., M. Graham, T. Blackman, M.-L. Mayoral, M. Nightingale, H. Sheikh, A. Whitehurst, JET-EFDA contributors, Volodymyr Bobkov, and Jean-Marie Noterdaeme. 2009. ‘Operations of the External Conjugate-T Matching System for the A2 ICRH Antennas at JET’. In , 205–8. Gent (Belgium). https://doi.org/10.1063/1.3273729.
Monakhov, I., P. Jacquet, T. Blackman, V. Bobkov, P. Dumortier, W. Helou, E. Lerche, et al. 2018. ‘ICRH Antenna S -Matrix Measurements and Plasma Coupling Characterisation at JET’. Nuclear Fusion 58 (4): 046012. https://doi.org/10.1088/1741-4326/aaace3.
Monakhov, I., A. Walden, T. Blackman, D. Child, M. Graham, W. Hardiman, P. U. Lamalle, M. -L. Mayoral, M. Nightingale, and A. Whitehurst. 2005. ‘Tests of Load-Tolerant External Conjugate-T Matching System for A2 ICRF Antenna at JET’. Fusion Engineering and Design, Proceedings of the 23rd Symposium of Fusion Technology, 74 (1): 467–71. https://doi.org/10.1016/j.fusengdes.2005.06.196.
Mueller, D. 2013. ‘The Physics of Tokamak Start-Up’. Physics of Plasmas 20 (5): 058101. https://doi.org/10.1063/1.4804416.
Mukherjee, Aparajita, Rajesh Trivedi, Raghuraj Singh, Kumar Rajnish, Harsha Machchhar, P. Ajesh, Gajendra Suthar, et al. 2015. ‘Status of R&D Activity for ITER ICRF Power Source System’. Fusion Engineering and Design, Proceedings of the 28th Symposium On Fusion Technology (SOFT-28), 96–97 (October): 542–46. https://doi.org/10.1016/j.fusengdes.2015.05.007.
Mukherjee, Aparajita, Rajesh Trivedi, Raghuraj Singh, Kumar Rajnish, Dipal Soni, Sriprakash Verma, Gajendra Suthar, et al. 2016. ‘Progress in High Power Test of R&D Source for ITER ICRF System’. In , 22. Kyoto, Japan. https://conferences.iaea.org/event/98/contributions/12365/attachments/6563/7956/Mukherjee-FIP1-5.pdf.
Mutoh, T., R. Kumazawa, T. Seki, K. Saito, H. Kasahara, Y. Nakamura, S. Masuzaki, et al. 2007. ‘Steady-State Operation and High Energy Particle Production of MeV Energy in the Large Helical Device’. Nuclear Fusion 47 (9): 1250–57. https://doi.org/10.1088/0029-5515/47/9/023.
Myra, J. R. 2021. ‘A Tutorial on Radio Frequency Sheath Physics for Magnetically Confined Fusion Devices’. Journal of Plasma Physics 87 (5): 905870504. https://doi.org/10.1017/S0022377821000878.
Myra, J. R., D. A. D’Ippolito, and M. J. Gerver. 1990. ‘Faraday Screen Sheaths and Impurity Production during Ion Cyclotron Heating’. Nuclear Fusion 30 (5): 845–58. https://doi.org/10.1088/0029-5515/30/5/004.
Nieuwenhove, R. Van, R Koch, G. Van Oost, J.A Boedo, P Dumortier, F Durodie, P Lamalle, et al. 1992. ‘Comparison of the Performance of ICRF Antennas with and without Faraday Shield on TEXTOR’. Nuclear Fusion 32 (11): 1913–25. https://doi.org/10.1088/0029-5515/32/11/i03.
Nieuwenhove, R. Van, R. Koch, G. Van Oost, T. Delvigne, F. Durodie, P. Lamalle, R. Leners, et al. 1991. ‘Ion Cyclotron Resonance Heating of a Tokamak Plasma Using an Antenna without a Faraday Shield’. Nuclear Fusion 31 (9): 1770–74. https://doi.org/10.1088/0029-5515/31/9/016.
Norem, Jim, Ahmed Hassanein, and Zeke Insepov. 2019. ‘Generalizing Models of Vacuum Arcs’. Presented at the MeV Arc Workshop, Padova, Italy. https://indico.cern.ch/event/774138/contributions/3507962/attachments/1911924/3159554/4_Norem_Padova_TALK_19.pdf.
Noterdaeme, J -M, and G Van Oost. 1993. ‘The Interaction between Waves in the Ion Cyclotron Range of Frequencies and the Plasma Boundary’. Plasma Physics and Controlled Fusion 35 (11): 1481–1511. https://doi.org/10.1088/0741-3335/35/11/001.
Noterdaeme, J. M., M. Soell, J. Baeumler, G. Becker, H. S. Bosch, M. Brambilla, F. Braun, et al. 1986. ‘The Role of the Faraday Screen in ICRF Antennae: Comparison of an Optically Open and Optically Closed Screen in ASDEX’. In . http://inis.iaea.org/Search/search.aspx?orig_q=RN:18011167.
Noterdaeme, Jean-Marie. 2019. ‘Fifty Years of Progress in ICRF’. In . Hefei, China. https://ippintra.iedit.mpg.de/1274454.
Noterdaeme, J.-M., Vl.V. Bobkov, S. Brémond, A. Parisot, I. Monakhov, B. Beaumont, Ph. Lamalle, F. Durodié, and M. Nightingale. 2005. ‘Matching to ELMy Plasmas in the ICRF Domain’. Fusion Engineering and Design 74 (1–4): 191–98. https://doi.org/10.1016/j.fusengdes.2005.06.071.
Noterdaeme, J.-M., A. Messiaen, R. Ragona, W. Zhang, A. Bader, F. Durodié, U. Fischer, et al. 2019. ‘Progress on an Ion Cyclotron Range of Frequency System for DEMO’. Fusion Engineering and Design 146 (September): 1321–24. https://doi.org/10.1016/j.fusengdes.2019.02.067.
Ogawa, T., K. Hoshino, S. Kanazawa, M. Saigusa, T. Ido, H. Kawashima, N. Kasuya, et al. 2001. ‘Radiofrequency Experiments in JFT-2M: Demonstration of Innovative Applications of a Travelling Wave Antenna’. Nuclear Fusion 41 (12): 1767–75. https://doi.org/10.1088/0029-5515/41/12/304.
Ongena, J., R. Koch, R. Wolf, and H. Zohm. 2016. ‘Magnetic-Confinement Fusion’. Nature Physics 12 (5): 398–410. https://doi.org/10.1038/nphys3745.
Ongena, J, A Messiaen, Ye O Kazakov, R Koch, R Ragona, V Bobkov, K Crombé, et al. 2017. ‘Recent Advances in Physics and Technology of Ion Cyclotron Resonance Heating in View of Future Fusion Reactors’. Plasma Physics and Controlled Fusion 59 (5): 054002. https://doi.org/10.1088/1361-6587/aa5a62.
Oosterbeek, Johan W., Victor S. Udintsev, Franco Gandini, Matthias Hirsch, Heinrich P. Laqua, Nick Maassen, Yunxing Ma, et al. 2015. ‘Loads Due to Stray Microwave Radiation in ITER’. Fusion Engineering and Design, Proceedings of the 28th Symposium On Fusion Technology (SOFT-28), 96–97 (October): 553–56. https://doi.org/10.1016/j.fusengdes.2015.05.068.
Otin, Ruben, Wouter Tierens, Felix Parra, Shafa Aria, Ernesto Lerche, Philippe Jacquet, Igor Monakhov, et al. 2020. ‘Full Wave Simulation of RF Waves in Cold Plasma with the Stabilized Open-Source Finite Element Tool ERMES’. AIP Conference Proceedings 2254 (1): 050009. https://doi.org/10.1063/5.0013549.
Perkins, F. W. 1984. ‘ICRF Heating Theory’. IEEE Transactions on Plasma Science 12 (2): 53–63. https://doi.org/10.1109/tps.1984.4316299.
———. 1989. ‘Radiofrequency Sheaths and Impurity Generation by ICRF Antennas’. Nuclear Fusion 29 (4): 583–92. https://doi.org/10.1088/0029-5515/29/4/004.
Perkins, R. J., J. C. Hosea, G. J. Kramer, J.-W. Ahn, R. E. Bell, A. Diallo, S. Gerhardt, et al. 2012. ‘High-Harmonic Fast-Wave Power Flow along Magnetic Field Lines in the Scrape-Off Layer of NSTX’. Physical Review Letters 109 (4): 045001. https://doi.org/10.1103/PhysRevLett.109.045001.
Pinsker, R I. 1998. ‘Development of Impedance Matching Technologies for ICRF Antenna Arrays’. Plasma Physics and Controlled Fusion 40 (8A): A215–29. https://doi.org/10.1088/0741-3335/40/8a/015.
Pinsker, R. I. 2015. ‘Whistlers, Helicons, and Lower Hybrid Waves: The Physics of Radio Frequency Wave Propagation and Absorption for Current Drive via Landau Damping’. Physics of Plasmas 22 (9): 090901. https://doi.org/10.1063/1.4930135.
Porkolab, Miklos. 1994. ‘Plasma Heating by Fast Magnetosonic Waves in Tokamaks’. In AIP Conference Proceedings, 314:99–127. American Institute of Physics. https://doi.org/10.1063/1.46754.
Pozar, David M. 2012. Microwave Engineering. 4th ed. J. Wiley.
Qin, Chengming, Xinjun Zhang, Yanping Zhao, Baonian Wan, Franz Braun, Lei Wang, Qingxi Yang, Shuai Yuan, and Yan Cheng. 2015. ‘Electromagnetic Analysis of the EAST 4-Strap ICRF Antenna with HFSS Code’. Plasma Science and Technology 17 (2): 167–72. https://doi.org/10.1088/1009-0630/17/2/12.
Ragona, R. 2017. ‘ICRF Traveling Wave Launcher for Fusion Devices’. Journal of Physics: Conference Series 841 (May): 012022. https://doi.org/10.1088/1742-6596/841/1/012022.
Ragona, R., F. Durodié, A. Messiaen, J. Ongena, M. Van Schoor, S. Agzaf, T. Batal, et al. 2022. ‘Status of the WEST Travelling Wave Array Antenna Design and Results from the High Power Mock-Up’. Nuclear Fusion 62 (2): 026046. https://doi.org/10.1088/1741-4326/ac4467.
Ragona, R., and A. Messiaen. 2016. ‘Conceptual Study of an ICRH Traveling-Wave Antenna System for Low-Coupling Conditions as Expected in DEMO’. Nuclear Fusion 56 (7): 076009. https://doi.org/10.1088/0029-5515/56/7/076009.
Ragona, R., A. Messiaen, J.M. Bernard, E. Delchambre, R. Dumont, F. Durodié, J. Hillairet, J. Ongena, D. Van Eester, and M. Van Schoor. 2019. ‘Traveling Wave Array for DEMO with Proof of Principle on WEST’. Fusion Engineering and Design 146 (September): 854–57. https://doi.org/10.1016/j.fusengdes.2019.01.097.
Ragona, Riccardo, André Messiaen, Jozef Ongena, Dirk Van Eester, Michael Van Schoor, Jean-Michel Bernard, Julien Hillairet, and Jean-Marie Noterdaeme. 2019. ‘A Travelling Wave Array System as Solution for the ICRF Heating of DEMO’. Nuclear Fusion, October. https://doi.org/10.1088/1741-4326/ab504a.
Ravera, G. L., S. Ceccuzzi, G. Granucci, A. Cardinali, C. Castaldo, G. Schettini, and A. A. Tuccillo. 2021. ‘Load-Tolerant External Matching Unit Based on a Wideband Hybrid Coupler for the ICRH System of DTT’. Fusion Engineering and Design 166 (May): 112280. https://doi.org/10.1016/j.fusengdes.2021.112280.
Ribeiro, Isabel, Carlo Damiani, Alessandro Tesini, Satoshi Kakudate, Mikko Siuko, and Carlo Neri. 2011. ‘The Remote Handling Systems for ITER’. Fusion Engineering and Design, Proceedings of the 26th Symposium of Fusion Technology (SOFT-26), 86 (6): 471–77. https://doi.org/10.1016/j.fusengdes.2011.01.138.
Rodriguez-Fernandez, P., A. J. Creely, M. J. Greenwald, D. Brunner, S. B. Ballinger, C. P. Chrobak, D. T. Garnier, et al. 2022. ‘Overview of the SPARC Physics Basis towards the Exploration of Burning-Plasma Regimes in High-Field, Compact Tokamaks’. Nuclear Fusion 62 (4): 042003. https://doi.org/10.1088/1741-4326/ac1654.
Rogers, J.H., P. LaRue, D.A. Phelps, and R.I. Pinsker. 1995. ‘RF Arc Detection Using Harmonic Signals’. In Proceedings of 16th International Symposium on Fusion Engineering, 1:522–25 vol.1. https://doi.org/10.1109/FUSION.1995.534274.
Rothman, M. A., R. M. Sinclair, I. G. Brown, and J. C. Hosea. 1969. ‘Ion Cyclotron Heating in the Model C Stellarator’. The Physics of Fluids 12 (10): 2211–24. https://doi.org/10.1063/1.1692332.
Rothman, M. A., R. M. Sinclair, and S. Yoshikawa. 1966. ‘Non-Resonant Coupling of RF Power to a Plasma’. Journal of Nuclear Energy. Part C, Plasma Physics, Accelerators, Thermonuclear Research 8 (3): 241–45. https://doi.org/10.1088/0368-3281/8/3/301.
Ryuhei, KUMAZAWA, MUTOH Takashi, SEKI Tetsuo, WATARI Tetsuo SAITO Kenjir, TORII Yukit, SHIMPO Fujio, NOMURA Goro, et al. 2000. ‘Long Pulse ICRF Heating Experiment on the LHD’. J. Plasma Fusion Res. 3: 352–58.
Saito, K., T. Seki, H. Kasahara, R. Seki, S. Kamio, G. Nomura, and T. Mutoh. 2015. ‘Field-Aligned-Impedance-Transforming ICRF Antenna in the LHD’. Fusion Engineering and Design 96–97 (October): 583–88. https://doi.org/10.1016/j.fusengdes.2015.01.051.
———. 2017. ‘Fault Detection System for ICRF Transmission Line in LHD’. Fusion Engineering and Design, Proceedings of the 29th Symposium on Fusion Technology (SOFT-29) Prague, Czech Republic, September 5-9, 2016, 123 (November): 444–47. https://doi.org/10.1016/j.fusengdes.2017.03.004.
Saito, K., S.J. Wang, H.H. Wi, H.J. Kim, S. Kamio, G. Nomura, R. Seki, T. Seki, H. Kasahara, and T. Mutoh. 2019. ‘Development of Power Combination System for High-Power and Long-Pulse ICRF Heating in LHD’. Fusion Engineering and Design 146 (September): 256–60. https://doi.org/10.1016/j.fusengdes.2018.12.039.
Saito, Kenji, Ryosuke Seki, Shuji Kamio, Hiroshi Kasahara, and Tetsuo Seki. 2020. ‘Schemes for ICRF Heating of High-Density Core Plasma in LHD’. Plasma and Fusion Research 15 (0): 2402015–2402015. https://doi.org/10.1585/pfr.15.2402015.
Saito, Kenji, Testuo Seki, Hiroshi Kasahara, Ryosuke Seki, Shuji Kamio, Goro Nomura, and Takashi Mutoh. 2017. ‘Performance of Impedance Transformer for High-Power ICRF Heating in LHD’. Journal of Physics: Conference Series 823 (April): 012007. https://doi.org/10.1088/1742-6596/823/1/012007.
Saito, Kenji, Hyunho Wi, Sonjong Wang, Haejin Kim, Kwangho Jang, Hyunyeong Lee, Jeehyun Kim, and Jong-Gu Kwak. 2020. ‘Development of a Compact ICRF Antenna for High-Power and Long-Pulse Plasma Heating in the KSTAR’. Fusion Engineering and Design 154 (May): 111496. https://doi.org/10.1016/j.fusengdes.2020.111496.
Schneider, M., A. R. Polevoi, S. H. Kim, A. Loarte, S. D. Pinches, J.-F. Artaud, E. Militello-ASP, et al. 2019. ‘Modelling One-Third Field Operation in the ITER Pre-Fusion Power Operation Phase’. Nuclear Fusion 59 (12): 126014. https://doi.org/10.1088/1741-4326/ab3de0.
Schneider, Mireille, Jean-François Artaud, Paul Bonoli, Yevgen Kazakov, Philippe Lamalle, Ernesto Lerche, Dirk Van Eester, and John Wright. 2017. ‘ICRF Heating Schemes for the ITER Non-Active Phase’. Edited by J. Hillairet. EPJ Web of Conferences 157: 03046. https://doi.org/10.1051/epjconf/201715703046.
Schweer, B., J. Ongena, V. Borsuk, D. Birus, S. Bozhenkov, D. Castaño Bardawil, F. Durodié, et al. 2017. ‘Development of an ICRH Antenna System at W7-X for Plasma Heating and Wall Conditioning’. Fusion Engineering and Design 123 (November): 303–8. https://doi.org/10.1016/j.fusengdes.2017.05.019.
Shiraiwa, S., J. C. Wright, P. T. Bonoli, T. Kolev, and M. Stowell. 2017. ‘RF Wave Simulation for Cold Edge Plasmas Using the MFEM Library’. Edited by J. Hillairet. EPJ Web of Conferences 157: 03048. https://doi.org/10.1051/epjconf/201715703048.
Shiraiwa, S., J.C. Wright, J.P. Lee, and P.T. Bonoli. 2017. ‘HIS-TORIC: Extending Core ICRF Wave Simulation to Include Realistic SOL Plasmas’. Nuclear Fusion 57 (8): 086048. https://doi.org/10.1088/1741-4326/aa7b18.
Song, Chengyi, Lan Yin, Cheng Yang, Xueyu Gong, Pingwei Zheng, Qianhong Huang, Yanbo Xia, and You Chen. 2020. ‘Numerical Investigation of a New ICRF Heating Scenario in D-T Plasma on CFETR’. Physica Scripta 96 (2): 025603. https://doi.org/10.1088/1402-4896/abd2e2.
Song, Yuntao, Baonian Wan, Xianzu Gong, Jiangang Li, Xinchao Wu, Fukun Liu, Junling Chen, et al. 2022. ‘Recent EAST Experimental Results and Systems Upgrade in Support of Long-Pulse Steady-State Plasma Operation’. IEEE Transactions on Plasma Science, 1–5. https://doi.org/10.1109/TPS.2022.3210124.
Steinmetz, K., J. -M. Noterdaeme, F. Wagner, F. Wesner, J. Bäumler, G. Becker, H. S. Bosch, et al. 1987. ‘Observation of a High-Confinement Regime in a Tokamak Plasma with Ion Cyclotron Resonance Heating’. Physical Review Letters 58 (2): 124–27. https://doi.org/10.1103/physrevlett.58.124.
Stepanov, I., J.-M. Noterdaeme, V. Bobkov, H. Faugel, D. Coster, D. Milanesio, R. Maggiora, et al. 2015. ‘A Detailed Comparison of Antenna Impedance Measurements on ASDEX Upgrade with the Ion Cyclotron Range of Frequencies Antenna Code TOPICA’. Nuclear Fusion 55 (11): 113003. https://doi.org/10.1088/0029-5515/55/11/113003.
Stix, T. H. 1975. ‘Fast-Wave Heating of a Two-Component Plasma’. Nuclear Fusion 15 (5): 737–54. https://doi.org/10.1088/0029-5515/15/5/003.
Stix, T. H., and R. W. Palladino. 1958. ‘Experiments on Ion Cyclotron Resonance’. The Physics of Fluids 1 (5): 446–51. https://doi.org/10.1063/1.1724362.
Stix, Thomas H. 1965. ‘Radiation and Absorption Via Mode Conversion in an Inhomogeneous Collision-Free Plasma’. Physical Review Letters 15 (23): 878–82. https://doi.org/10.1103/physrevlett.15.878.
———. 1992. Waves in Plasmas. Springer Science & Business Media.
Stix, Thomas H., and Richard W. Palladino. 1960. ‘Observation of Ion Cyclotron Waves’. The Physics of Fluids 3 (4): 641–47. https://doi.org/10.1063/1.1706099.
Stix, Thomas H., and R.W. Palladino. 1958. ‘Ion Cyclotron Resonance’. In , 282–87. Geneva, Switzerland. https://www.osti.gov/etdeweb/biblio/21068330.
Tan, Qingyi, Xueyu Gong, Qianhong Huang, Yijun Zhong, and Tao Yang. 2021. ‘Theoretical Study of the Impedance Matching of the Ferrite Tuner System for ICRF Heating’. Fusion Science and Technology 0 (0): 1–13. https://doi.org/10.1080/15361055.2021.1936846.
Tanaka, M., H. Kato, N. Suzuki, H. Chimura, S. Masuzaki, H. Takahashi, T. Seki, and M. Osakabe. 2021. ‘Removal of Tritium from Vacuum Vessel by RF Heated Plasmas in LHD’. Physica Scripta 96 (12): 124007. https://doi.org/10.1088/1402-4896/ac1bf2.
Tierens, W., G. Suárez López, R. Otin, G. Urbanczyk, L. Colas, R. Bilato, W. Zhang, et al. 2020. ‘Recent Improvements to the ICRF Antenna Coupling Code “RAPLICASOL”’. AIP Conference Proceedings 2254 (1): 070005. https://doi.org/10.1063/5.0013518.
Tierens, W., D. Milanesio, G. Urbanczyk, W. Helou, V. Bobkov, J.-M. Noterdaeme, L. Colas, R. Maggiora, and and. 2019. ‘Validation of the ICRF Antenna Coupling Code RAPLICASOL against TOPICA and Experiments’. Nuclear Fusion 59 (4): 046001. https://doi.org/10.1088/1741-4326/aaf455.
Tierens, W, J R Myra, R Bilato, and L Colas. 2022. ‘Resonant Wave–Filament Interactions as a Loss Mechanism for HHFW Heating and Current Drive’. Plasma Physics and Controlled Fusion 64 (3): 035001. https://doi.org/10.1088/1361-6587/ac3cfe.
Tierens, W., W. Zhang, and P. Manz. 2020. ‘The Importance of Realistic Plasma Filament Waveforms for the Study of Resonant Wave-Filament Interactions in Tokamak Edge Plasmas’. Physics of Plasmas 27 (5): 052102. https://doi.org/10.1063/5.0007098.
Tierens, W., W. Zhang, J. R. Myra, and EUROfusion MST1 Team. 2020. ‘Filament-Assisted Mode Conversion in Magnetized Plasmas’. Physics of Plasmas 27 (1): 010702. https://doi.org/10.1063/1.5128070.
Tierens, Wouter, and Laurent Colas. 2021. ‘Slab-Geometry Surface Waves on Steep Gradients and the Origin of Related Numerical Issues in a Variety of ICRF Codes’. Journal of Plasma Physics 87 (4). https://doi.org/10.1017/s002237782100074x.
Timko, Helga. 2011. ‘Modelling Vacuum Arcs: From Plasma Initiation to Surface Interactions’. Faculty of Science of the University of Helsinki. https://helda.helsinki.fi/handle/10138/28262.
Tooker, J. F., M. Hansink, C. Moeller, C. Murphy, and R. Prater. 2015. ‘Development of a Helicon Current Drive System for Installation in the DIII-D Tokamak’. In 2015 IEEE 26th Symposium on Fusion Engineering (SOFE), 1–6. https://doi.org/10.1109/sofe.2015.7482365.
Torreblanca, H., C. Moeller, B. Fishler, M. Smiley, M. Brookman, A. Nagy, and M. LeSher. 2019. ‘A High-Power Helicon Antenna for the DIII-D Tokamak and Its Electromagnetic Aspects’. Fusion Engineering and Design, SI:SOFT-30, 146 (September): 626–30. https://doi.org/10.1016/j.fusengdes.2019.01.039.
Urbanczyk, G., L. Colas, J. Hillairet, E. Lerche, N. Fedorczak, J. Morales, J. Gunn, et al. 2021. ‘RF Wave Coupling, Plasma Heating and Characterization of Induced Plasma-Material Interactions in WEST L-Mode Discharges’. Nuclear Fusion 61 (8). https://doi.org/10.1088/1741-4326/ac0d11.
Vallejos, P., T. Johnson, R. Ragona, D. Van Eester, B. Zaar, and T. Hellsten. 2020. ‘Iterative Addition of Finite Larmor Radius Effects to Finite Element Models Using Wavelet Decomposition’. Plasma Physics and Controlled Fusion 62 (4): 045022. https://doi.org/10.1088/1361-6587/ab6f55.
Vallejos, P., T. Johnson, R. Ragona, T. Hellsten, and L. Frassinetti. 2019. ‘Effect of Poloidal Phasing on Ion Cyclotron Resonance Heating Power Absorption’. Nuclear Fusion 59 (7): 076022. https://doi.org/10.1088/1741-4326/ab1ab7.
Vdovin, V.L. 2009. ‘Advanced Antenna for ICRF Plasma Heating and High Frequency Fast Wave Current Drive in Large Fusion Machines and ITER’. In 2009 23rd IEEE/NPSS Symposium on Fusion Engineering, 1–3. San Diego, CA, USA: IEEE. https://doi.org/10.1109/FUSION.2009.5226412.
Vervier, M., A. Messiaen, J. Ongena, and F. Durodié. 2015. ‘Study of the Choice of the Decoupling Layout for the ITER ICRH System’. In , 070012. California, USA. https://doi.org/10.1063/1.4936519.
Vrancken, M., A. Argouarch, T. Blackman, P. Dumortier, F. Durodié, M. Evrard, R.H. Goulding, et al. 2009. ‘Scattering-Matrix Arc Detection on the JET ITER-like ICRH Antenna’. Fusion Engineering and Design 84 (7–11): 1953–60. https://doi.org/10.1016/j.fusengdes.2008.11.035.
Vrancken, M., E. Lerche, T. Blackman, F. Durodié, M. Evrard, M. Graham, P. Jacquet, et al. 2011. ‘Performance of the Scattering Matrix Arc Detection System on the JET ITER-like ICRF Antenna’. Fusion Engineering and Design, Proceedings of the 26th Symposium of Fusion Technology (SOFT-26), 86 (6): 522–29. https://doi.org/10.1016/j.fusengdes.2011.02.056.
Vrancken, M., M. -L. Mayoral, T. Blackman, Vl. V. Bobkov, D. Child, P. Dumortier, F. Durodié, et al. 2007. ‘Recent ICRF Developments at JET’. Fusion Engineering and Design, Proceedings of the 24th Symposium on Fusion Technology, 82 (5): 873–80. https://doi.org/10.1016/j.fusengdes.2007.05.019.
Vulliez, K., A. Argouarch, G. Bosia, G. Berger-By, S. Bremond, L. Colas, G. Lombard, et al. 2008. ‘Validation of the Load-Resilient Ion Cyclotron Resonance Frequency Antenna Concept on Tore Supra Plasmas’. Nuclear Fusion 48 (6): 065007. https://doi.org/10.1088/0029-5515/48/6/065007.
Vulliez, K., Z. Chen, F. Ferlay, K. Winkler, W. Helou, J. Hillairet, P. Mollard, et al. 2015. ‘The Mechanical Structure of the WEST Ion Cyclotron Resonant Heating Launchers’. Fusion Engineering and Design 96–97 (October): 611–15. https://doi.org/10.1016/j.fusengdes.2015.06.050.
Wade, T.J., J. Jacquinat, G. Bosia, A. Sibley, and M. Schmid. 1992. High Power (22MW) ICRH at Jet and Developments for next Step Devices. United States: IEEE Service Center.
Wagner, Friedrich. 2018. ‘Fusion Energy’. MRS Energy & Sustainability 5: E8. https://doi.org/10.1557/mre.2018.8.
Wang, S.J., H.J. Kim, J.H. Kim, B.H. Park, S.H. Kim, and J.G. Kwak. 2015. ‘The RF Conditioning of Vacuum Feedthrough for High Power ICRF Heating in KSTAR’. Fusion Engineering and Design 101 (December): 22–27. https://doi.org/10.1016/j.fusengdes.2015.09.018.
Wang, S.J., H.H. Wi, H.J. Kim, J. Kim, J.H. Jeong, and J.G. Kwak. 2017. ‘Helicon Wave Coupling in KSTAR Plasmas for Off-Axis Current Drive in High Electron Pressure Plasmas’. Nuclear Fusion 57 (4): 046010. https://doi.org/10.1088/1741-4326/aa5b42.
Wauters, T., D. Borodin, R. Brakel, S. Brezinsek, K. J. Brunner, J. Buermans, S. Coda, et al. 2020. ‘Wall Conditioning in Fusion Devices with Superconducting Coils’. Plasma Physics and Controlled Fusion 62 (3): 034002. https://doi.org/10.1088/1361-6587/ab5ad0.
Wauters, T., D. Douai, A. Lyssoivan, V. Philipps, S. Brémond, M. Freisinger, A. Kreter, et al. 2011. ‘Isotope Exchange Experiments on TEXTOR and TORE SUPRA Using Ion Cyclotron Wall Conditioning and Glow Discharge Conditioning’. Journal of Nuclear Materials, Proceedings of the 19th International Conference on Plasma-Surface Interactions in Controlled Fusion, 415 (1, Supplement): S1033–36. https://doi.org/10.1016/j.jnucmat.2010.11.072.
Wauters, T., H. P. Laqua, M. Otte, M. Preynas, T. Stange, P. Urlings, Y. Altenburg, D. Aßmus, D. Birus, and F. Louche. 2014. ‘Ion and Electron Cyclotron Wall Conditioning in Stellarator and Tokamak Magnetic Field Configuration on WEGA’. AIP Conference Proceedings 1580 (1): 187–90. https://doi.org/10.1063/1.4864519.
Wauters, Tom, Dmitry Matveev, David Douai, Joe Banks, Roger Buckingham, Ivo Carvalho, Eduardo de la Cal, et al. 2022. ‘Isotope Removal Experiment in JET-ILW in View of T-Removal after the 2nd DT Campaign at JET’. Physica Scripta. https://doi.org/10.1088/1402-4896/ac5856.
Wesson, John, and D. J. Campbell. 2011. Tokamaks. 4th ed. Oxford Science Publications 149. Oxford ; New York: Oxford University Press.
Wi, H.H., S.J. Wang, H.J. Kim, and J.G. Kwak. 2018. ‘Design and RF Test of a Prototype Traveling Wave Antenna for Helicon Current Drive in KSTAR’. Fusion Engineering and Design 126 (January): 67–72. https://doi.org/10.1016/j.fusengdes.2017.11.016.
Wilson, J. R., and P. T. Bonoli. 2015. ‘Progress on Ion Cyclotron Range of Frequencies Heating Physics and Technology in Support of the International Tokamak Experimental Reactor’. Physics of Plasmas 22 (2): 021801. https://doi.org/10.1063/1.4901090.
Wirth, Brian D., and Steve Zinkle. 2021. ‘Control of the Plasma-Material Interface for Long Pulse Optimization in the Experimental Advanced Superconducting Tokamak (EAST) (Final Report)’. DOE-UTK-0016915. Univ. of Tennessee, Knoxville, TN (United States). https://doi.org/10.2172/1721718.
Wukitch, S. J., R. L. Boivin, P. T. Bonoli, J. A. Goetz, J. Irby, I. Hutchinson, Y. Lin, et al. 2004. ‘Investigation of Performance Limiting Phenomena in a Variable Phase ICRF Antenna in Alcator C-Mod’. Plasma Physics and Controlled Fusion 46 (9): 1479–91. https://doi.org/10.1088/0741-3335/46/9/010.
Wukitch, S. J., D. Brunner, P. Ennever, M. L. Garrett, A. Hubbard, B. Labombard, C. Lau, et al. 2014. ‘Assessment of a Field-Aligned ICRF Antenna’. In , 73–80. Sorrento, Italy. https://doi.org/10.1063/1.4864504.
Wukitch, S. J., M. L. Garrett, R. Ochoukov, J. L. Terry, A. Hubbard, B. Labombard, C. Lau, et al. 2013. ‘Characterization and Performance of a Field Aligned Ion Cyclotron Range of Frequency Antenna in Alcator C-Mod’. Physics of Plasmas 20 (5): 056117. https://doi.org/10.1063/1.4803882.
Wukitch, S J, B LaBombard, Y Lin, B Lipschultz, E Marmar, R Ochoukov, M L Reinke, and D G Whyte. 2009. ‘Evaluation of ICRF Heated Discharges with Boron Coated Molybdenum Tiles’. Presented at the 1 st Annual APS-DPP Meeting, Atlanta. https://www-internal.psfc.mit.edu/research/alcator/pubs/APS/APS2009/07_wukitch_boron_evaluation.pdf.
Wukitch, S. J., B. LaBombard, Y. Lin, B. Lipschultz, E. Marmar, M. L. Reinke, and D. G. Whyte. 2009. ‘ICRF Specific Impurity Sources and Plasma Sheaths in Alcator C-Mod’. Journal of Nuclear Materials, Proceedings of the 18th International Conference on Plasma-Surface Interactions in Controlled Fusion Device, 390–391 (June): 951–54. https://doi.org/10.1016/j.jnucmat.2009.01.245.
Wukitch, S J, Y Lin, B LaBombard, B Lipschultz, and D Whyte. 2008. ‘Ion Cyclotron Antenna Impurity Production and Real Time Matching in Alcator C-Mod’. In , 9. Geneva, Switzerland. https://dspace.mit.edu/bitstream/handle/1721.1/94256/08ja032_full.pdf?sequence=1.
Wukitch, S. J., B. Lipschultz, E. Marmar, Y. Lin, A. Parisot, M. Reinke, J. Rice, and J. Terry. 2007. ‘RF Plasma Edge Interactions and Their Impact on ICRF Antenna Performance in Alcator C-Mod’. Journal of Nuclear Materials, Plasma-Surface Interactions-17, 363–365 (June): 491–97. https://doi.org/10.1016/j.jnucmat.2007.01.273.
Yang, H., X.J. Zhang, C.M. Qin, Y.P. Zhao, S. Yuan, Y.Z. Mao, X. Yang, et al. 2021. ‘Overview of the ICRF Antenna Coupling Experiments on EAST’. Nuclear Fusion 61 (3): 035001. https://doi.org/10.1088/1741-4326/abd640.
Yang, Yuqing, Xinjun Zhang, Yanping Zhao, and Chengming Qin. 2021. ‘Off-Axis Current Drive with Helicon Waves for CFETR’. Journal of Fusion Energy, January. https://doi.org/10.1007/s10894-020-00276-z.
Zhang, Jiahui, Xinjun Zhang, and Chengming Qin. 2022. ‘Finite Elements Method Based ICRF Waves Heating Simulation Integrating with SOL Plasma for EAST Tokamak’. Nuclear Fusion. https://doi.org/10.1088/1741-4326/ac5451.
Zhang, W., R. Bilato, T. Lunt, A. Messiaen, R.A. Pitts, S. Lisgo, X. Bonnin, et al. 2019. ‘Scrape-off Layer Density Tailoring with Local Gas Puffing to Maximize ICRF Power Coupling in ITER’. Nuclear Materials and Energy 19 (May): 364–71. https://doi.org/10.1016/j.nme.2018.12.025.
Zhang, W., V. Bobkov, T. Lunt, J.-M. Noterdaeme, D. Coster, R. Bilato, P. Jacquet, et al. 2016. ‘3D Simulations of Gas Puff Effects on Edge Density and ICRF Coupling in ASDEX Upgrade’. Nuclear Fusion 56 (3): 036007. https://doi.org/10.1088/0029-5515/56/3/036007.
Zhang, W., P. Jacquet, E. Lerche, R. Bilato, V. Bobkov, D. Coster, Y. Feng, et al. 2017. ‘3D Simulations of Gas Puff Effects on Edge Plasma and ICRF Coupling in JET’. Nuclear Fusion 57 (5): 056042. https://doi.org/10.1088/1741-4326/aa6817.
Zhang, W., W. Tierens, J.-M. Noterdaeme, V. Bobkov, D. Aguiam, D. Coster, H. Fuenfgelder, et al. 2017. ‘Radio Frequency Heating Induced Edge Plasma Convection: Self-Consistent Simulations and Experiments on ASDEX Upgrade’. Nuclear Fusion 57 (11): 116048. https://doi.org/10.1088/1741-4326/aa7f47.
Zhang, Wei, Roberto Bilato, Volodymyr V Bobkov, Andres Cathey, Alessandro Di Siena, Matthias Hoelzl, André Messiaen, et al. 2021. ‘Recent Progress in Modeling ICRF-Edge Plasma Interactions with Application to ASDEX Upgrade’. Nuclear Fusion, November. https://doi.org/10.1088/1741-4326/ac38c8.
Zhang, Wei, Qichao Liang, Chengming Qin, Xinjun Zhang, Yongsheng Wang, Hua Yang, Lunan Liu, et al. 2022. ‘Conceptual Design and Optimization of an ITER-Type ICRF Antenna on CFETR’. Nuclear Fusion. https://doi.org/10.1088/1741-4326/ac6681.
Zhang, Wei, Wouter Tierens, and Mariia Usoltceva. 2020. ‘Redirection of Radio-Frequency Power Flow by Filaments’. Nuclear Fusion. https://doi.org/10.1088/1741-4326/ab680e.
Zhang, X.J., H. Yang, C.M. Qin, S. Yuan, Y.P. Zhao, Y.S. Wang, L.N. Liu, et al. 2022. ‘First Experimental Results with New ICRF Antenna in EAST’. Nuclear Fusion 62 (8): 086038. https://doi.org/10.1088/1741-4326/ac7657.
Zhao, Y.P., X.J. Zhang, Y.Z. Mao, S. Yuan, D.Y. Xue, X. Deng, L. Wang, et al. 2014. ‘EAST Ion Cyclotron Resonance Heating System for Long Pulse Operation’. Fusion Engineering and Design 89 (11): 2642–46. https://doi.org/10.1016/j.fusengdes.2014.06.017.
Zhuang, G., G. Q. Li, J. Li, Y. X. Wan, Y. Liu, X. L. Wang, Y. T. Song, et al. 2019. ‘Progress of the CFETR Design’. Nuclear Fusion 59 (11): 112010. https://doi.org/10.1088/1741-4326/ab0e27.
Zinkle, S. J. 1994. ‘Ceramics Radiation Effects Issues for ITER’. Plasma Devices and Operations 3 (1–2): 139–49. https://doi.org/10.1080/10519999408201810.



image2.png
Symmetric wave propagation Asymmetric wave propagation

RF current 0 0 72
in strap x

Buy == )

; ‘fg‘.gniv
e t—

Fast magnetosonic
waves excited

in plasma





image3.png
irectional
couplers

[

RF power
generator




image4.png
P— "|-|+
pows
==
b/
Miod
3dB
hybrid ('|-|+
S/

Dummy.
load





image5.png
‘‘‘‘‘‘‘‘‘‘‘
cccccccc

eeeeeeee





image1.png
Last Closed Open Field Lines
Magnetic Surface (unconfined region)

(confined region)

Antenna

Transmission
Line

Plasma
core

®B,

Vessel





