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Abstract. Estimating the single-pass absorption (SPA) of a given Ion Cyclotron Resonance Heating
(ICRH) scenario as function of the plasma and the radio-frequency (RF) wave properties requires a multi-
species hot plasma wave solver. Even in 1D and using truncated finite Larmor radius expansion for the
plasma dielectric response, the simulations cannot be done much faster than in a couple of seconds. In ITER,
it is envisaged to estimate the single-pass absorption of the ICRF waves in real-time to take preventive
actions in case of poor absorption for avoiding increased plasma-wall interaction and enhanced heat loads
on the plasma facing components. This work proposes a potential solution based on pre-calculated look-up
tables of the ICRF single-pass absorption that can be interpolated in real-time by the Advanced Protection
System (APS) and by the Plasma Control System (PCS) in ITER [1,2,3] during the discharge evolution. The
tables can also be used as input for the Pulse Design Simulator (PDS) [4] and other modelling tools that
require the ICRF absorption information for control and/or protection. The SPA tables are produced as
function of the dominant parameters governing the RF wave propagation and absorption using the 1D
TOMCAT code [5] for some ITER-relevant ICRH scenarios.

1 Introduction
The single-pass absorption (SPA) of a wave injected in
the plasma is a figure of merit of the heating efficiency
of a particular heating scheme. For Ion Cyclotron
Resonance Heating (ICRH), global SPA values above
50% usually indicate a good absorption scheme, since
the waves are reflected in a cut-off layer at the plasma
high-field side and are reabsorbed in their way back
through the plasma, effectually leading to a suitable
heating efficiency. In ITER, it is proposed to calculate
the SPA in real time, to either regulate the ICRF power
when the conditions are not favourable for the wave
absorption or to tune the ICRF scenario for a particular
task, e.g. producing ion heating for easier H-mode
access [6] or turbulence suppression [7], electron
heating for impurity screening [8,9] or fast ion
generation for sawtooth control [10,11]. However, even
using the simplest models required for a meaningful
estimation of the SPA in ITER, calculating it in real-
time (1-2ms) remains extremely challenging.

In this work, we propose an alternative solution for
this task, namely pre-calculating the SPA of a given
ICRH scenario as function of the main parameters that
govern its magnitude, store this information in multi-
dimensional look-up tables and interpolate the tables in
real-time during the actual discharge execution. Using
the 1D ICRH TOMCAT code [5], 3-dimensional SPA
tables are produced as function of the central plasma
density N0, the central plasma temperature T0 and the
minority (H or 3He) concentration Xmin = nmin/ne for the
main ICRH scenarios foreseen in ITER, both at half-
field (B0 = 2.65T) and at full-field (B0 = 5.3T). For each
case, a frequency range of ± 2MHz around the nominal
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frequency and three different phasing configurations are
considered. Parabolic kinetic profiles are imposed and
we assume Ti = Te /2, since dominant electron heating is
expected in ITER. Table 1 shows the summary of the
various ICRH scenarios investigated. In general, the
equilibrium magnetic field B0, the plasma composition
and minority species (scenario) and the antenna phasing
(phases) are constant (prescribed before the discharge)
and the RF frequency can vary by a maximum of 2MHz.
Thus, the main changes in the SPA values to be
accounted for in the real-time interpolation during the
discharge evolution will effectively be contained in the
3D tables given as function of N0, T0 and Xmin, with small
variations to adjust for eventual frequency changes.

Table 1. Summary of the 3D SPA tables compiled for 4
different ICRH scenarios foreseen in ITER

Scenario B0 (T) f (MHz) phases N0, T0,
Xmin

(H) D 2.65T 40-44
00,
00
0𝜋
2
𝜋3𝜋
2

3D

(3He) H 5.3T 50-54
00
00
0𝜋
2
𝜋3𝜋
2

3D

(3He) D 5.3T 50-54
00
00
0𝜋
2
𝜋3𝜋
2

3D

(3He) DT 5.3T 50-54
00
00
0𝜋
2
𝜋3𝜋
2

3D
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Fig. 1. 3D single-pass absorption (SPA) tables for H minority heating in D plasmas with B0=2.65T, f=40MHz and phase=00.

Fig. 2. 3D single-pass absorption (SPA) tables for 3He minority heating in D-T plasmas with B0=5.3T, f=52MHz and phase=00.

SPA=1

SPA=1
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2 Results & Discussion
Figures 1 and 2 show, respectively, the 3D single-pass
absorption look-up tables computed for H minority
ICRH in D plasmas (B0 = 2.65T, f = 40MHz, 00) and
for 3He minority ICRH in D-T plasmas (B0 = 5.3T,
f = 52MHz, 00). Each panel shows the SPA contours
as function of the central plasma density (N0) and
electron temperature (T0) values at a given minority
concentration Xmin = nmin/ne. The black dashed lines
indicate the isolines with SPA=0.5. For the H minority
heating case, full absorption (SPA=1) is predicted in a
wide range of the parameter space explored, with
exception to the low density and temperature regions
when the minority concentration is below Xmin < 1%. The
3He minority heating scenario in D-T also shows large
areas of large SPA, in particular at high values of N0 and
T0, but the low absorption domain is broader than for the
H minority heating case. For example, at larger 3He
concentrations (Xmin > 2%), the low temperature domain
exhibits limited SPA even at high plasma density. The
low absorption region is extended when the 3He
concentration is larger. The panels with Xmin = 0.01% (no
minority injection) in Fig.1 and Fig.2 represent,
respectively, the Deuterium and Tritium absorption by
second harmonic (= 2c) ICRF heating, which are
more efficient at high densities and at high temperatures.
The = 2c T heating case at low N0, T0 values (e.g. in
L-mode) is particularly limited and requires 3He
injection to become efficient in these conditions.

Fig. 3. Power absorption profiles for H minority heating in D
plasmas (B0=2.65T, f=40MHz, 00): (a) Low temperature
case, T0=5keV; (b) High temperature case T0=12keV.

For the calculations of Figs. 1 and 2, the minority
species are resonant near the plasma centre but are not
necessarily the dominant absorbing species in all cases.
Electron absorption via Landau damping (LD) and
transit-time magnetic pumping (TTMP) is always
present and can exceed 50% of the total absorption if the
electron temperature is high enough.

Examples of the power absorption profiles obtained
for the H minority heating scheme in D plasmas with
dominant H absorption (a) and dominant electron
absorption (b) are given in Fig. 3. Despite the same H
concentration (Xmin = 3%) and full SPA in both cases, at
lower temperature the H absorption in the plasma centre
is largely dominant while in the higher temperature case
the broad off-axis electron absorption becomes the main
player. The fact that the RF waves can be strongly
absorbed by LD/TTMP before reaching the cyclotron
layer in fusion-relevant plasmas is well known and ways
to minimize this effect consist in shifting the IC
resonance layer off-axis (reducing the RF frequency)
and in tuning the antenna phasing configuration
(reducing k//) as discussed in [12].

Examples of the absorption profiles for the 3He
minority / = 2c T heating scenario in D-T L-mode
plasma conditions (low N0, T0) are given in Fig.4,
illustrating the importance of 3He injection on the ICRF
heating performance at low plasma temperatures: (a) No
3He injection; (b) 1% 3He. In these conditions, the SPA
increases from SPA=0.19 to 0.82 with dominant 3He
heating when even small amounts of 3He are injected.

Fig. 4. Power absorption profiles for 3He minority / =2c T
heating in D-T plasmas at low N0, T0 (B0=5.3T, f=52MHz,
00): (a) No 3He injection, (b) Xmin=1%.
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The legends in Figs. 3 and 4 indicate the relative power
absorption of each species.

Another example of the 3He / T heating scheme in
D-T plasmas is given in Fig.5. Here, H-mode conditions
are considered (high N0, T0) and a case without 3He
injection (a) is compared with a case with traces of 3He
(b) and a case with 1% 3He injection (c). In these
conditions, the three scenarios exhibit good SPA but
while the minority 3He absorption is dominant when 1%
of 3He is injected (c), = 2c T absorption is the main
player when no or small traces of 3He are present in the
plasma. Electron heating via LD/TTMP is always
significant due to the large electron temperatures
assumed for these cases, T0 = 15keV.

Fig. 5. Power absorption profiles for 3He minority / T heating
in D-T H-mode plasmas at high N0, T0 (B0=5.3T, f=52MHz,
00): (a) No 3He injection, (b) Xmin=0.1%, (c) Xmin=1%.

The results shown in Fig.5 are in line with the
original ICRF heating strategy proposed for this heating
scheme in ITER already long time ago [13], namely start
with dominant 3He heating while the plasma is cold (e.g.
L-mode) and stop the 3He injection once the conditions
are favourable for efficient = 2c T heating.

Note that small amounts of 3He (~1%) are sufficient
to obtain dominant minority 3He absorption and even
when only traces are left in the plasma (0.1%), its
absorption is still non-negligible. It’s worthwhile noting
that even if 3He would not be injected at all, traces of
3He will be present in the ITER D-T plasmas due to the
natural T decay, as observed in the recent JET D-T
experiments and reported in [14]. All the power
absorption profiles shown in Figs. 3-5 are in arbitrary
units but use the same normalization factor, so can be
directly compared with each other.

For each heating scenario and given N0, T0 and Xmin
parameters, the full TOMCAT calculation (RF fields,
power absorption profiles and SPA per species) takes
about 0.5 sec, still quite fast for a realistic wave solver
but too slow to be used in real-time. The time needed to
produce a full 3D SPA table with 1920 points (N0 =
1-10x1019/m3, T0 = 1-16keV, Xmin = 0.01-5%) at given
magnetic field, frequency and phasing (as in Figs. 1 and
2) is ~18 min in the ITER SDCC cluster. It has to be
noticed that the procedure can be easily parallelized so
that the total time to produce a full 3D table set can be
significantly reduced in practice. Interpolating the 3D
tables takes less than 1ms at fixed frequency and about
1ms if frequency variations are accounted for, adequate
for real-time interpolation by the ITER control systems.

The main ITER systems concerned in the ICRF SPA
real-time estimates are the Advanced Protection System
(APS) [1] and the Plasma Control System (PCS) [2,3].
The former is designed for machine protection so it is
only concerned about avoiding the low SPA regions of
a given ICRF heating scheme. In that sense, SPA tables
as shown in Fig.1 and Fig.2 provide all the needed
information and are ready to be used as such. For the
PCS, the scope is broader since it aims at having the
ability to control the auxiliary heat sources to tune the
plasma performance according to the discharge needs.
For example, to achieve H-mode more easily, bulk ion
heating with ICRH may be preferrable [6] while
assisting on the plasma termination may require
dominant electron heating [15]. These regimes can be
achieved by tuning the minority concentration, the ICRF
power and the RF frequency (resonance position).
Hence, for PCS, the information given in the 3D SPA
tables is not enough. To assess the collisional heating
properties of an ICRH scheme, a Fokker-Planck solver
needs to be applied to the ICRF power absorption
profiles provided by the TOMCAT calculations. For
minority heating cases with moderate ion tails, a simple
Stix-like Fokker-Planck solver [16, 17] is likely enough
to represent the main bulk heating properties of ICRH.
The fraction of the power absorbed by bulk ions and
electrons will, nevertheless, depend on the level of
applied ICRF power, thus adding another dimension to
the 3D SPA table representation discussed here.

An illustration of the 3D SPA table interpolation
results for a hypothetical D-T discharge evolution with
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3He min. ICRH is given in Fig.6 (d), together with the
input waveforms of the central plasma density N0 (a),
central temperature T0 (b) and 3He concentration (c).
During the initial ‘L-mode’ phase of the discharge (1),
the SPA is very low and ICRF should not be applied in
these conditions. In phase (2), still in ‘L-mode’, 3He is
injected up to 1% and the SPA increases very fast and
reaches SPA ~ 0.8, even if the N0 and T0 values remain
modest. In this phase ICRH could be applied without
any restrictions. Phase (3) represents a transition into
‘H-mode’ where the plasma density and temperature are
increased. The SPA increases even further and reaches
SPA=1 in the H-mode flat-top (4). At this point, the 3He
injection is stopped and the 3He content in the plasma
decreases from 1% to 0.1% but the SPA remains large,
because of the higher N0 and T0 values considered for
the H-mode phase. Here, again, ICRH can be used
without power nor phasing restrictions. During the ‘H-
mode’ exit (5), the SPA decreases as the N0 and T0
values are reduced. Finally, during the plasma
termination phase (6), the SPA is below 0.5 but still
higher than in the beginning of the discharge (1),
because it was assumed that the background 3He levels
are higher (0.1% instead of 0.01%) at the end of the
discharge since 3He is poorly pumped. In this case ICRH
can be used to assist on the plasma termination but the
coupled power should probably be moderated.

Fig. 6. Example of a simulated ‘real-time’ interpolation of the
3D SPA tables shown in Fig.2 for 3He minority ICRH in D-T
plasmas (B0=5.3T, f=52MHz, 00): (a) Central density; (b)
Central temperature; (c) 3He concentration; (d) Interpolated
SPA values.

In the discharge illustration depicted in Fig.6, the
APS system could, for example, inhibit the ICRF power
application in phase (1) and limit the ICRF power to a
predefined value in phase (6) in order to avoid excessive
plasma-wall interaction induced by low ICRF wave

absorption. The actual ICRF power values (and other
ICRF settings) to be used in the different phases of the
discharge depend on a complex combination of various
plasma requirements and shall be controlled by the PCS,
which needs more information on the ICRF heating
properties than the global SPA tables reported here, as
mentioned before. This discussion is left for a future
publication.

3 Summary and Conclusion
A simple procedure to estimate the single-pass
absorption (SPA) of a given ICRF heating scheme in
real-time in view of ITER operations has been
presented. It is based on generating multi-dimensional
SPA tables for the given ICRH scenario as function of
the equilibrium magnetic field, the RF frequency, the
antenna phasing configuration and, in particular, the
plasma density, temperature and minority concentration.
These tables can then be interpolated in real time by the
ITER control and operation systems that require this
information, such as the Advanced Protection System
(APS) [1] and the Plasma Control System (PCS) [2-3].
Despite the several approximations used in the proposed
procedure, the results are good enough to allow the
identification of regions with poor absorption of the RF
wave. High power ICRH operation in these conditions
should be avoided since they would cause enhanced
plasma-wall interaction and would not produce efficient
plasma heating. The APS system could regulate the
ICRH power (or cut it altogether) if such conditions are
achieved in the discharge. Two ICRH scenarios were
discussed as example: H minority heating in D plasmas
at half-field (2.65T/42MHz, to be used in the non-active
operation phase) and minority 3He heating in D-T
plasmas at full-field (5.3T/52MHz, the reference ICRH
scenario for D-T operations). In both cases, large SPA
is observed in most of the N0 x T0 parameter space at
various minority concentrations ranging from 0-5%.
The regions with poorest wave absorption are generally
plasmas with low N0 and T0. This poor absorption
domain is larger for the 3He minority heating case than
for the H min. case, in particular for 3He concentrations
larger than 2%. The importance of injecting small
amounts of 3He in low density and temperature plasmas
(such in L-mode) are also highlighted.

Although the SPA tables presented here are enough
input for the APS system – which is mainly concerned
about safe operation of the tokamak and the auxiliary
heating schemes -, they don’t contain enough data to be
used by the PCS controller. The latter also needs
information about the collisional bulk ion and electron
heating produced by ICRH in given conditions and thus
requires an additional step in the calculations, namely a
Fokker-Planck solver. This can be rather easily
implemented but the actual procedure and tabulation
strategy is still under discussion, since the applied ICRF
power enters as an additional dimension in the look-up
tables. Furthermore, the Pulse Design Simulator (PDS)
being developed for ITER [4] also requires detailed
information about the ICRF heating properties,
including the 1D collisional heating profiles to be used
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in the associated transport solvers. As a matter of fact,
most of the ICRF tools required for this task are already
implemented in the H&CD PDS platform in ITER [18]
but, being more sophisticated than the simple TOMCAT
model proposed here, require considerably more time
for the calculations. Nevertheless, it could be envisaged
to extract the SPA and collisional ion/electron heating
information from these calculations to produce the look-
up tables necessary for the PCS system or for other
control models being tested for ITER [19, 20]. It is also
being assessed whether the SPA tables could be used to
train a neural-network procedure to be implemented in
APS and PCS for the real-time estimates of the ICRH
SPA during a discharge. The advantage would be that,
if well trained, such a technique could allow estimating
the SPA in conditions that have not been foreseen in
advance.

Finally, it’s important mentioning that, on top of the
SPA, the ICRF coupling resistance is another key figure
of merit for regulating the ICRF power applied during
the plasma discharge. It also depends on the RF settings
(frequency, phase, etc.) but particularly on the scrape-
off-layer (SOL) properties of the plasma, not discussed
here. The ICRF coupling resistance is measured in real-
time but knowledge of its parametric behaviour as
function of the SOL conditions is key for tailoring the
discharge to optimize the RF coupling capability
(maximizing the ICRF power), e.g. by changing the
plasma shape, changing the antenna phasing or injecting
gas close to the antennas [21]. A similar multi-
dimensional look-up table strategy as discussed for the
SPA in this paper is being considered for providing the
coupling resistance estimates and its improvement
capabilities in real-time for the ITER control systems.

The views and opinions expressed herein do not necessarily
reflect those of the ITER Organization.
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