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Abstract. To extend the knowledge on the performance of the ion cyclotron resonance frequency (ICRF) heating 
schemes in the non-activated half-B0 phase of ITER, a detailed assessment of the fundamental H and the 2nd 
harmonic 3He ICRF heating scenarios in majority Hydrogen plasmas was undertaken. The numerical studies 
were performed using the 1D TOMCAT [1] and the 2D CYRANO [2] codes adopting the equilibrium profiles 
computed for the initial operation phase of ITER [3]. To have an experimental backing of the computations, the 
nominal ITER half-field of 2.65T and the ICRF frequencies for those heating scenarios (f=42MHz for 
fundamental H and f=53MHz for 2nd harmonic 3He heating) were closely reproduced in dedicated experiments 
performed in the JET tokamak [4].  
 
1. Introduction 
 
The non-active phase of ITER will start with Hydrogen plasmas at reduced magnetic field. At 
the nominal half-field of B0=2.65T and with the auxiliary power currently foreseen to be 
available in this phase, 16.5MW off-axis neutral beam injection (NBI), 15MW off-axis 
electron cyclotron resonance (ECRF) heating and 10MW on-axis ion cyclotron resonance 
(ICRF) heating, the discharges are expected to be in L-mode and typical central densities of 
n0≈3.3x1019/m3 and central temperatures of approximately Ti=8keV and Te=10keV were 
estimated [3]. In these calculations, it was envisaged that 10MW of ICRF power would be 
sufficient for raising the ion and electron temperatures from Ti≈Te=5keV to Ti=8keV and 
Te=10keV, respectively, if central ICRF heating with equal power sharing between electrons 
and ions is considered. This seems a rather optimistic statement and assumes that all the 
power launched by the ICRF antenna is absorbed in the core of the plasma. Unlike for 4He (or 
D) plasmas, for which standard H minority ICRF heating could be used, in H plasmas and for 
the designed frequency range of the ICRF heating system in ITER (f=40-55MHz), only 
fundamental ion cyclotron heating of H majority ions at f≈42MHz (referred here as N=1 H 
heating) and 2nd harmonic ion cyclotron heating of 3He ions at f≈53MHz (referred here as 
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N=2 3He heating)  are possible scenarios for central ion heating at the nominal half-field of 
B0=2.65T. However, both are characterized by poor ion absorption: The N=1 H majority 
scenario suffers from the adverse polarization of the RF fields close to the ion cyclotron 
resonance layer of the majority H ions (‘screening effect’) whereas the N=2 3He heating 
scheme requires a relatively large fraction of ‘minority’ ions to become efficient. Results of 
recent JET experiments [4] and preliminary numerical simulations of the ICRF heating 
scenarios for ITER’s half-field phase in H plasmas indicate that relatively low single-pass RF 
power absorption with dominant fast wave electron heating will take place, and that high 
heating efficiencies (as those typically observed in fundamental ICRF minority heating) will 
be unlikely. Given the fact that ITER will rely heavily on every MW of auxiliary heating 
power that can be injected into the plasma, numerical and experimental investigations aiming 
at testing and optimizing the ICRF heating performance of these scenarios are very important 
for a successful operation of ITER in its early Hydrogen phase.  
 
2. Summary of JET experiments 
 

The ICRF parameters of the half-field phase of ITER were closely reproduced in recent 
JET experiments [4]: The N=1 H heating scenario was studied at f=42.5MHz / B0=2.65T and 
the N=2 3He heating experiments were done at f=51.5MHz / B0=2.65T. In these conditions, 
the fundamental ion cyclotron resonance layer of the H ions and the 2nd harmonic ion 
cyclotron resonance of the 3He ions are both located near the plasma centre. The antenna 
phasing was dipole (k//≈6.5m-1) in both cases and up to 5.5MW of ICRF power was coupled 
to the plasma. Aside from the different ICRF settings and the dilution of the H plasmas with 
3He in the N=2 3He heating pulses (no 3He was injected in the N=1 H heating discharges), the 
plasmas were similar in the two sessions. Both experiments were performed in L-mode and 
adopted a plasma geometry that favours the ICRF antenna coupling, with antenna strap - 
plasma separatrix distances around 9.5-11.0cm. Typical central densities of n0=3x1019/m3 and 
central temperatures ranging from Te=2-4keV, depending on the NBI power applied 
(0<PNBI<8MW), were obtained in the discharges. Although the central densities of the JET 
experiments are comparable to those expected in the initial phase of ITER, both electron and 
ion temperatures are well below leading to a different collisional regime that the one expected 
in ITER.   

The experimental ICRF heating efficiencies (η = power transferred to the bulk plasma / 
coupled power) for electrons and H ions obtained by analyzing, respectively, the ECE and 
charge-exchange signal responses to fast variations in the applied ICRF power [5] are 
depicted in Fig.1 for the fundamental H majority experiments (left) and for the 2nd  harmonic 
3He heating experiments (right). The prompt response of the electron temperature to the ICRF 
power variations confirm that in both scenarios the electron absorption is mainly due to direct 
fast wave Landau damping (ELD) and Transit Time Magnetic Pumping (TTMP) and not to 
collisional slowing-down of ICRF accelerated ions, as is usually the case in minority ICRF 
heating schemes. For the H majority case, the electrons absorb typically twice as much RF 
power as the ions and both absorptivities increase with the central plasma temperature, 
reaching a total heating efficiency of η≈0.4 at Te0=2.5keV. The slope of the heating efficiency 
of the ions is somewhat steeper than the one of the electrons, indicating that the ion cyclotron 
absorption of the H ions is more privileged than the electron absorption when increasing the 
bulk plasma temperature within the studied range. For the N=2 3He heating scenario, the 
dependence of the heating efficiency with the temperature was minor, but a clear 
enhancement of the ICRF absorption for higher 3He concentrations was observed. Note that it 
is the ion heating that is mainly improved at higher 3He concentrations and that the total 
heating efficiency reached at X[3He]≥20%, where the ion absorption exceeds that of the 
electrons, is similar to the one obtained for the H majority case (η≈0.3-0.4). The ion 
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absorption at low X[3He] (as currently proposed for ITER) is very small and the total heating 
efficiency is only about η≈0.2 in these conditions.  
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FIG. 1. (Left) Ion (triangles) and electron (circles) heating efficiencies as function of the central 
plasma temperature for a series of discharges of the N=1 H majority ICRF scenario; (Right) Ion 
(triangles) and electron (circles) heating efficiencies as function of the 3He concentration for a 
discharge of the N=2 3He ICRF scenario, in which a ramp-up of the X[3He] from 7-25% was imposed.   

 
As mentioned, the experimental RF heating efficiencies obtained in both scenarios 

(compared to typical heating efficiencies of η ≥ 0.8 observed in minority ICRF heating 
schemes) were anticipated to be low: Fundamental majority ICRF heating suffers from the 
near-vanishing values of the left-hand polarized RF electric field component close to the ion 
cyclotron resonance layer whilst second harmonic heating scenarios typically require large 
fractions of the minority species to be efficient. Despite the low efficiencies of these heating 
schemes, fast H ions up to 50keV and fast 3He ions up to 200keV were detected by the 
Neutral Particle Analyser (NPA) diagnostics in the N=1 H and in the N=2 3He heating 
experiments, respectively, when 5MW of RF power was applied.  

An important consequence of the low ICRF absorptivity of these heating scenarios is the 
enhancement of plasma-wall interactions leading to relatively large impurity content and 
considerable radiation losses. This is depicted in Fig.2 (left), where the total radiated power is 
shown as function of the ICRF power applied for the N=1 H (circles) and for the N=2 3He 
(triangles) heating experiments. The data correspond to 0.4s time averaged values sampled 
throughout the pulses. The density, temperature and NBI power (~1.3MW) were similar in all 
the time intervals considered.  
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FIG. 2. Total radiated power (left) and intensity of Be line (right) as function of the ICRF power for 
the N=1 H (circles) and the N=2 3He (triangles) ICRF heating schemes. The data correspond to 0.4s 
time averaged values throughout the discharges with similar densities, temperatures and NBI power.  
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The fact that the radiation losses for a given ICRF power level are higher for the N=2 
3He case than for the fundamental H majority case is not only due to the presence of relatively 
large fractions of 3He in the plasma (higher Zeff), but is also related to a stronger RF-induced 
plasma-wall interaction observed in this case, leading to a higher impurity content in the 
plasma. This is depicted in Fig.2 (right), where the line emission intensity of Beryllium 
measured by visible spectroscopy is shown as function of the ICRF power for the two 
scenarios. The same time intervals as on the left figure were considered. A similar study for 
the C+6 and C+4 spectroscopy measurements (not shown) supported by 2D bolometer 
tomography indicates that most of the additional radiation observed in the N=2 3He case 
comes from the plasma edge rather than from the bulk plasma. The fact that the impurity 
content is higher for this case than for the fundamental H majority case despite the similar 
ICRF heating efficiencies (and similar antenna coupling conditions) is believed not only to be 
related to the different RF sheath rectification effects at the two distinct operation frequencies 
but also to the different fast ion losses observed in the two cases. As a matter of fact, when 
more than 5MW of NBI was applied together with the ICRF power in the N=2 3He 
discharges, ICRF accelerated D-beam ions in the MeV range (detected with γ-spectroscopy) 
were observed [6]. These ions accelerated to high energies lead to enhanced fast ion losses 
when compared to the fundamental H majority heating case, where the parasitic D absorption 
was practically negligible.  
 
3. Preliminary numerical simulations for ITER 
 

The numerical simulations of the fundamental H majority and the N=2 3He heating 
schemes proposed for ITER’s initial Hydrogen phase were performed at B0=2.65T 
(IP=7.5MA) with f=42MHz and f=53MHz, respectively. The equilibrium profiles computed 
for 41.5MW of NBI+ECRF+ICRF auxiliary power (n0=3.3x1019/m3, Ti=8keV, Te=10keV) 
were adopted in the calculations and parametric scans on plasma density, temperature, 3He 
concentration and antenna phasing were done to assess their impact on the ICRF absorptivity.  

In Fig. 3, the power absorption profiles obtained for the N=1 H (left) and for the N=2 
3He (right) heating schemes with the 1D TOMCAT code [1] using the plasma parameters 
mentioned above are depicted. The dominant toroidal mode (nφ=34) of the ITER antenna 
spectrum in 0ππ0 phasing was adopted and 4% of 3He (with a density profile similar to the 
one used for the H majority) was considered in the N=2 3He heating simulations.  
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FIG. 3. Power absorption profiles computed for the N=1 H (left) and for the N=2 3He (right) heating 
scenarios for the initial ITER H plasmas at Bo=2.65T. For the latter, 4% 3He was considered in the 
plasma. The absorbed power fractions are indicated in the legends. 
 
It is clear that in both cases direct fast-wave electron heating is the dominant absorption 
process and that the minority species in the N=2 3He heating scheme only absorbs a very 
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small amount of the total power at these low concentrations (by increasing X[3He] the ion 
absorption is gradually enhanced as will be shown later). Also note that parasitic absorption 
of H ions is possible at the high-field side in this scenario, particularly if high energy H-
beams would be used. In the conditions depicted in Fig.3, the single-pass absorption of the 
ICRF power, defined here as µ = (launched power – reflected power) / launched power, is 
only about µ=0.3 for the N=1 H heating scheme and about µ=0.25 for the N=2 3He heating 
scenario. Possible means of enhancing these low absorptivities by changing some of the 
plasma parameters will be presented next. 

In Fig.4 the single-pass absorptions of the individual plasma species in the N=1 H 
majority heating scenario obtained as function of the H temperature (left) and of the plasma 
central density (right) are illustrated. By increasing the H temperature, the ion absorption is 
strongly enhanced due to the Doppler-shift broadening of the H cyclotron resonance layer. At 
TH≈20keV, the ion absorption becomes dominant (the electron temperature was kept constant 
at Te=8keV in these simulations). The increase in the plasma central density leads to a strong 
enhancement of the total single-pass absorption, mainly due to more efficient (fast wave) 
electron heating. Nevertheless, if operating at high densities, the collisional energy 
equipartition between electrons and ions is also more efficient and the fact that most of the 
ICRF power goes into the electron channel rather than directly into the ion channel may be of 
secondary importance. 
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FIG. 4. Dependence of the single-pass absorptivities of the plasma species as function of the 
Hydrogen temperature (left) and the plasma density (right) for the fundamental H majority heating 
scenario in ITER’s half-field phase. 

 
In Fig.5 the variation of the single-pass absorptions of the plasma species in the N=2 

3He heating scheme as function of the 3He concentration (left) and as function of the plasma 
central density (right) is illustrated. As expected by simple theory (and as suggested in the 
JET experiments), the 3He absorption is gradually increased when the fraction of 3He ions is 
larger in the plasma while the electron absorption is virtually insensitive to the 3He 
concentration. However, for the ITER conditions (where the fast wave electron absorption 
always plays a considerable role in the ICRF power balance), the 3He power absorption is 
practically negligible at low concentrations and one would need as much as X[3He]≈30% in 
the plasma to achieve dominant ion heating. The dependence of the ICRF power absorption 
with the plasma density is similar to the one obtained for the N=1 H heating case, showing a 
strong increase when the central density is augmented but mainly due to enhanced electron 
heating (the absorption by the 3He ions being practically negligible in these conditions). For 
the N=2 3He heating scenario, the dependence of the ICRF absorption with the 3He 
temperature is weak: effective temperatures of approximately 150keV are needed to achieve 
dominant ion heating at X[3He]=4%. It is important to mention that in both cases (but 
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particularly in the N=2 3He ICRF heating case), the formation of RF-induced ion tails may 
considerably influence the heating performance and the ICRF power partition amongst the 
various species. This non-linear effect requires coupled wave / Fokker-Planck simulations and 
has not been considered in the present study (see e.g. [7] for an example of such calculations). 
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FIG. 5. Dependence of the single-pass absorptivities on the 3He concentration (left) and on the plasma 
density (right) for the N=2 3He heating scenario in ITER’s half-field phase. 
 

The influence of the antenna spectrum on the ICRF power absorption for the N=1 H 
majority (left) and for the N=2 3He (centre and right) heating schemes is depicted in Fig.6. 
For the latter, the centre and right figures correspond to X[3He]=4% and X[3He]=30% 
respectively. The considered plasma density and temperatures were n0=3.3x1019/m3 and 
Ti=8keV / Te=10keV in the three cases. The various points corresponding to different antenna 
phasings (indicated in the left figure) were obtained by convoluting the relative power 
absorptions obtained in individual toroidal mode number simulations with the various antenna 
spectra calculated by the ANTITER II code [8] for the ICRF antenna being designed for 
ITER. The abscissae represent the dominant parallel wavenumber k//=nφ/R (where nφ is the 
toroidal mode number and R is the antenna major radius) of the antenna spectrum launched 
for each phasing configuration. 
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FIG.6. Influence of the antenna phasing (indicated in the left figure) on the ICRF power 
absorptivities: (left) N=1 H majority heating scheme; (centre) N=2 3He heating scheme with 
X[3He]=4%; (right) N=2 3He heating scheme with X[3He]=30%. 
 

For the N=1 H majority heating scheme, it is clear that operating at antenna phasings 
with higher k// values (e.g. dipole) privileges the overall ICRF power absorption, but the 
power sharing between ions and electrons is roughly similar for the various phasings. For the 
low concentration 3He heating scheme, the power absorption also strongly increases with k// 
but the scenario is completely dominated by electron absorption independent of the antenna 
phasing. The most interesting case is perhaps the high concentration N=2 3He scenario (right), 
for which the total absorption is not as sensitive to k// but the power sharing between ions and 
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electrons is strongly influenced by the antenna phasing: At low k// ion heating is clearly 
dominant whilst at high k// electron absorption becomes more important. At intermediate k// 
both species absorb approximately the same fraction of the ICRF power injected. Therefore, 
for the 3He heating scenario with large minorities, operating at 00ππ (or 0ππ0) phasing would 
be preferred to operating in dipole (0π0π) to achieve effective bulk ion heating. 

From the simulations presented it is clear that the two heating scenarios available for the 
half-field ITER operation in Hydrogen have marginal heating efficiencies, in particular 
because the plasma density and the plasma temperature are relatively modest in this phase. 
Moreover, because of ITER’s large volume (and the high price of 3He), the 3He 
concentrations considered for its operation should be kept to relatively small levels (<5%). 
This limited operational domain obviously restricts the means for optimizing the ICRF 
heating schemes and further investigation and/or search for alternative scenarios are essential 
for a successful performance of the ITER H plasmas. One possibility that was not mentioned 
so far is the effect of the plasma dilution (with another ion species) on the heating efficiency 
of the N=1 H majority heating scheme via modifications of the RF field polarization near the 
cyclotron resonance layer. Preliminary simulations suggest that this effect is relatively weak 
for low concentrations of the second ion species but the experimental results of the N=1 H 
majority heating scenario in JET have shown indications of a considerable increase in the 
ICRF heating efficiency when ~5% of 4He is present in the H plasmas with respect to pure H 
discharges [4]. Another interesting alternative for efficient ICRF heating of the ITER H 
plasmas would be to operate at 1/3 of the nominal magnetic field (B0≈1.8T), where 2nd 
harmonic H majority ICRF heating at f≈53MHz can be used [9]. Preliminary simulations 
show that this heating scheme is characterized by full single-pass absorption (µ=1) with 
dominant bulk ion heating, as depicted in Fig.7, where the power absorption profiles of the 
N=2 H heating scheme computed by the TOMCAT code with the half-field equilibrium 
parameters for ITER are illustrated (left). Note the strong decrease of the E+ component of the 
RF electric field (right) near the ion cyclotron resonance layer of the H ions indicating the 
efficient absorption of the ICRF power in this region. If the confinement properties of the H 
plasmas at 1.8T are not much degraded with respect to the ones at 2.65T, then this scenario 
could be a potential alternative for efficient plasma heating and for efficient commissioning of 
the ICRF system in the early operation phase of ITER. 
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FIG. 7. (left)Power absorption profiles for the N=2 H majority ICRF heating scenario in ITER at 
Bo=1.8T and f=53MHz; (right) Corresponding left-hand polarized (E+) RF electric field component. 
 
4. Summary 
 

The ICRF heating schemes proposed for ITER's half-field Hydrogen phase were 
examined. Unlike the standard H minority ICRF heating scenario foreseen for the operation in 
4He plasmas [10] (which has high single-pass absorptivity and thus is expected to yield good 
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heating performance), it was found - both via simulations and experimentally in JET - that the 
heating schemes available for the H plasma operation have poor heating efficiency for the 
typical plasma parameters expected in the initial ITER phase. The simulations have shown 
that direct fast wave electron heating will dominate in both the fundamental H majority and in 
the 2nd harmonic 3He ICRF heating schemes, particularly at the rather modest densities and 
temperatures expected in ITER’s initial operation phase. The power absorptivity of both 
scenarios is small, because of the adverse polarization of the RF fields in the fundamental H 
majority ICRF heating case and because of the low minority concentrations foreseen in the 
ITER plasmas for the N=2 3He heating case. Increased plasma density and temperature both 
help to enhance the ICRF power absorption but in general electron rather than ion damping is 
primarily improved. For the fundamental H majority heating case, the ion temperature plays a 
major role on the scenario’s performance but ion temperatures of about 20keV are necessary 
to achieve dominant ion heating (with a total single-pass absorption of µ≈0.4). For the N=2 
3He ICRF heating case, the ion temperature has a weaker influence and the 3He concentration 
is the main actuator on the heating performance. However, the simulations suggest that high 
concentrations (X[3He]≈30%) are needed to achieve prevailing ion heating, with a total 
single-pass absorption of µ≈0.45. The absorptivity is only about µ≈0.25 for the typical 
X[ 3He]=4% value originally proposed for ITER. Whilst for the N=1 H majority heating case 
and for the N=2 3He heating scheme with low X[3He] operating at high k// antenna phasing 
(e.g. dipole) leads to larger RF absorptivities, low k// phasing (e.g. 0ππ0) would be preferred 
in the N=2 3He heating scenario with large X[3He] for privileging ion heating.   

Given the relatively poor performance of the ICRF heating scenarios in the ITER half-
field Hydrogen phase, it is important to search for means of enhancing their efficiency. One 
possibility that is being investigated (and for which there were indications in the experiments 
performed in JET) is the dilution of the H plasmas with a second ion species (e.g. 4He), which 
- via a change in the RF field structure in the plasma - could crank up the heating efficiency of 
the fundamental H majority ICRF heating scenario. Alternatively, by operating at a further 
reduced magnetic field (1/3 of the nominal field), second harmonic heating of the H majority 
plasmas becomes accessible. Numerical simulations indicate that this heating scenario 
features high single-pass absorption with dominant ion heating and thus could yield to large 
heating efficiencies if the confinement properties of the H plasmas at this reduced field are 
not too poor. Experimental investigations of this scenario as well as further optimization of 
the N=1 H majority and the N=2 3He ICRF heating schemes are planned in future. 
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