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Abstract
In Wendelstein 7-X (W7-X), a new ion cyclotron resonance heating (ICRH) antenna will be
commissioned during the operational campaign OP2.1. The antenna will have to sustain power
loads not only from thermal plasma and radiation but also fast ions. Predictive simulations of
fast-ion power loads to the antenna components are therefore important to establish safe
operational limits. In this work, the fast-ion power loads from the W7-X neutral beam injection
(NBI) system to the ICRH antenna was simulated using the ASCOT suite of codes. Five
reference magnetic configurations and five antenna positions were considered to provide an
overview of power load behavior under various operating conditions. The NBI power load was
found to have an exponential dependence on the antenna insertion depth. Differences between
magnetic configurations were significant, with the antenna limiter power load varying between
380W and 100 kW depending on the configuration. Qualitative differences in power load
patterns between configurations were also observed, with the low mirror and low iota
configurations exhibiting higher loads to the sensitive antenna straps. The local fast-ion power
flux to the antenna limiter was also considered and found to exceed the 2.0MWm−2

steady-state safety limit only in specific cases. The NBI system might thus pose a safety concern
to the ICRH antenna during concurrent NBI-ICRH operation, but additional heat propagation
simulations of antenna components are needed to establish more realistic operational time limits.
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1. Introduction

The Wendelstein 7-X (W7-X) stellarator at the Max Planck
Institute for Plasma Physics in Greifswald, Germany [1] rep-
resents the cutting edge in stellarator optimization and design.
As the largest and most advanced stellarator to date, it repres-
ents a crucial step towards a future stellarator fusion reactor.

Efficient operation of plasma heating systems is the key
to achieving higher performance plasmas in W7-X. To date,
the most established source of plasma heating in W7-X is the
electron cyclotron resonance heating (ECRH) system. In addi-
tion, a neutral beam injection (NBI) system has been commis-
sioned, providing a source of ion heating as well [2].

All ion heating systems rely on highly energetic ions depos-
iting their kinetic energy to the bulk plasma particles. This
principle implies the existence of a fast-ion minority popu-
lation in the plasma. These highly energetic fast ions behave
differently to the bulk ions, residing in different collisional-
ity regimes. Stellarators in particular require careful magnetic
field optimization to provide adequate confinement of fast ions
in reactor-relevant conditions [3].

The precarious confinement of fast ions means that, even
at small quantities, they can result in significant power loads
to the device wall. These loads can be highly concentrated to
specific ‘hot spots’ due to the localized nature of fast-ion loss
channels, such as magnetic islands and ripple wells. Accurate
local prediction of fast-ion wall loads has thus been a subject
of many fast-ion simulations inW7-X [3, 4]. Such simulations
have already provided important predictions and resulted in
armoring of new components before installation [5].

In the nextW7-X campaign, a new ion heating system—ion
cyclotron resonance heating (ICRH)—will be commissioned
[6]. This not only provides a new source of fast ions in the
device, but also a new, delicate component that might be sub-
ject to fast-ion power loads. The aim of this study is to provide
an initial estimate of the NBI-driven power load to the new
ICRH antenna.

The structure of the paper is as follows. In section 2, the
ICRH (section 2.1) and NBI (section 2.2) heating systems are
described. Section 3 outlines the numerical methods and input
data used for simulating the NBI power loads. The results are
presented in section 4, while section 5 gives a summary and
analysis of the results, together with possible future improve-
ments upon this work.

2. Ion heating systems in W7-X

The two methods of ion heating available in W7-X are the
ICRH and NBI systems. The toroidal positioning of the sys-
tems is illustrated in figure 1. The technical details of the
ICRH and NBI systems are defined in sections 2.1 and 2.2,
respectively.

2.1. ICRH heating in W7-X

In ICRH, ions in the plasma are heated by radio frequency (RF)
waves in the same frequency range as the ion cyclotronmotion.
The ICRH system comprises an RF generator, transmission

Figure 1. Positions of the plasma heating systems in W7-X [7]. The
relevant systems for the calculations here are the NBI system
(green) and the ICRH antenna installed in OP2 (blue). Reproduced
courtesy of IAEA. Figure from [7]. Copyright (2013) IAEA.

lines to the torus and an in-vessel strip antenna. The antenna
has to be placed as close to the plasma as possible for effi-
cient coupling to the plasma while ensuring safe operation. An
ICRH system is typically used as a heating system, but it also
provides a fast-ion population at energies of around 100 keV.
Ions in the 100 keV range in W7-X have approximately the
same ratio of gyro radius to machine size as foreseen HELIAS
reactors, making them suitable for predicting fast-ion confine-
ment in future reactors [3]. Furthermore, ICRH produces the
fast ions on wide banana orbits near the center of the plasma,
which are the most critical orbits as far as the optimized fast-
ion confinement in stellarators is concerned. Self-consistent
simulation of the ICRH heating and the resulting fast-ion pop-
ulation is possible in W7-X using, e.g. the SCENIC package
[8, 9].

The ICRH antenna in W7-X will be in use for Opera-
tional Phase 2.1 (OP2.1) [10]. It is designed for up to 1.5MW
of RF power at 25.0MHz to 37.5MHz frequencies, trans-
ferred to the plasma via two antenna straps. The ICRH antenna
shape is optimized for the last closed flux surface (LCFS) of
the standard magnetic configuration, but the antenna is radi-
ally movable for adapting to different magnetic configurations
[11]. Of particular interest for fast-ion loads are the graph-
ite limiter tiles (shown in yellow in figure 2) and the antenna
straps (shown in green). The water cooled limiter tiles are
designed to withstand high power loads of 2MWm−2 from
both the thermal bulk plasma and fast ions and protect the
sensitive straps from excess heat loads. The straps can with-
stand 100 kWm−2 plasma radiation and 100 kW RF resistive
power, while the stainless steel antenna box is designed for
loads less than 100 kWm−2 [10]. All of these safety limits are
estimates for steady-state operation of up to 30min. By com-
parison, the maximum NBI pulse length is just 5 s. The actual
operational limit to the power loads is ultimately determined
by the component temperature, which depends on the exposure
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Figure 2. Visualization of the ICRH antenna model used for the simulations in the working position. The model is divided into different
components labeled by color: antenna limiter (yellow), antenna straps (green), copper sheath (blue), and antenna box (red). Two
positions—the liner position and the working position—are shown.

time aswell as the local power flux.With regards to the fast-ion
power loads, the limiters are expected to receive the bulk of the
power, mainly from fast ions on trapped orbits, but the straps
are also likely to be subject to minor loads.

2.2. NBI injection system in W7-X

In parallel to the ICRH system, an NBI system is also installed
in W7-X. The principle of the NBI system is that ions are
accelerated to high velocities inside an injector and then neut-
ralized. The beam of neutrals then penetrates the plasma until
the neutrals are re-ionized, producing a fast-ion population.
The planned NBI injection parameters are shown in Table 1
[12]. TheW7-XNBI system comprises of two injection boxes,
placed symmetrically to avoid unwanted current drive. Each
injector has four positive ion neutral injectors (PINIs) at angles
of either 17◦ or 27◦ from fully perpendicular to the plasma.
The NBI system has been operated to date with two PINIs,
but will be extended to four PINIs (two in each injection box)
in OP2.1 [13]. The maximum capacity is eight PINIs, four in
each box. This total number was also chosen for the simula-
tions in order to provide an upper limit to the loads, as well as
allow separate assessment of the power load from each of the
eight PINIs.

Previous analysis of NBI heat loads in W7-X have been
able to qualitatively predict some specific hot spots on the
device wall [5, 14]. Quantitative analysis has proved more dif-
ficult due to uncertainty in input parameters and some miss-
ing key physics models, such as charge exchange (CX) reac-
tions. Nevertheless, predictive modeling of NBI heat loads is
needed for any new component—such as the ICRH antenna—
to provide a qualitative understanding of the heat load behavior
in different magnetic configurations, for example. Themissing

Table 1. Planned parameters for W7-X hydrogen neutral beam
injection. The species mix denotes the fraction of beam particles
born at different divisions of the beam acceleration energy
Eb = 55 keV.

Acceleration voltage 55 kV

Max. number of PINIs 8
Beam power (all sources) 13.7MW
Species mix (particle fraction) 55% (Eb); 31% (Eb/2); 14% (Eb/3)

physical effects would mainly spread out the power loads and
thus lower the peak power loads.

3. Numerical approach to NBI wall load modelling

Themain simulation tool for the ICRH antenna power load cal-
culations was the ASCOT suite of codes [15]. The core of this
suite is ASCOT itself, aMonte Carlo orbit following code used
for solving minority species distribution functions in fusion
devices. The important, advanced features of ASCOT, crucial
for this work, are its capability to follow the beam ions all the
way to the plasma-facing components, and that it can track not
just the guiding-center orbits but even the full gyro motion.
It also allows for accurate assessment of particle and power
deposition to the device wall with a full 3D reconstruction of
the wall using over 8000 000 triangular wall elements.

The code suite includes also various built-in sources for
fast ions [16–18]. The BBNBI code models the NBI system
[16] and was used to generate the fast-ion birth profile in this
work. In BBNBI, neutral particles are generated in individual
beamlets of finite divergence at the grounded grid, with the
known fractions of particles with full, one-half and one-third
energy. These neutrals are followed in the beam duct that
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Table 2. Studied insertion depths of the ICRH antenna.

Name of position Liner Working

Insertion depth (mm) 102 189 233 255 277
Normalized insertion depth 0 1/2 3/4 7/8 1

includes the beam scrapers and, once entering the vessel, their
ionization probability is evaluated at each time step, using
Monte Carlo operator based on local density and temperature
values.

To allow accurate calculation of the fast-ion power load dis-
tribution on the W7-X ICRH antenna, a two-fold simulation
process was adopted. First, ten million markers were created
with BBNBI and simulated using the guiding center formal-
ism until they were either thermalized or reached the LCFS.
The particles were considered thermalized when their energy
was less than twice the local thermal energy. The particles that
cross the LCFS were then transformed from guiding-center to
full-orbit coordinates [19] and the simulation was continued
using the full orbit formalism until they hit either the antenna
or the device wall. The particle gyrophase is tracked from the
injection to the wall consistently. Some particles that reach the
LCFS do not hit the wall or the antenna but instead re-enter the
plasma. These particles were stopped after a pre-determined
processor time limit of 600 s was exceeded. The re-entering
markers account for between 2.8% and 26% of the particles
that cross the LCFS.

3.1. Wall and antenna models

The basic wall model of W7-X used in the simulations was
constructed from CAD models and includes the entire device
first wall, including divertor assemblies and port structures. In
addition, a separate model including the full NBI duct geo-
metry was used in the BBNBI simulations to account for beam
duct scraping [12, 20, 21].

The ICRH antenna model was imported from a high-detail
CAD model in the W7-X component database [22]. The
antenna model consists of approximately eight million tri-
angles of varying size with amedian triangle area of 7.28mm2.
The ICRH antenna structure is comprised of four primary
components, illustrated in figure 2. The antenna straps (green)
are the main functional part of the device, used to transfer
power to the plasma. The antenna limiter (yellow) is designed
to shield the rest of the antenna, while the antenna box (red)
and copper sheath (blue) hold the assembly together.

To assess the effect of antenna insertion depth on the ICRH
antenna power loads, several different antenna positions had
to be studied. The positions limiting the range of interest with
regards to fast ions are the liner position and the working pos-
ition, inserted 102mm and 277mm from the fully retracted
park position, respectively. The liner position is designed to sit
flush on the first wall of the device, while the working position
is designed to be as close as possible to the LCFS of the stand-
ard configuration. Between these limits, three additional pos-
itions were chosen at increasingly dense intervals to provide

intermediate data points: the different positions are listed in
table 2. The combined wall model was constructed by adding
the ICRH antenna model to the complete first wall model, with
the latter moved the desired distance along the antenna axis of
motion.

3.2. Plasma profiles and magnetic backgrounds

Experimental plasma profiles from OP1.2b are either not yet
available or have large uncertainties. For this reason, para-
metric plasma profiles approximating typical ECRH-NBI dis-
charges from OP1.2b were used. The profiles for the electron
and ion temperatures and densities were defined as:

Te(s) = (1−
√
s)Te,0

Ti(s) =min(Te(s),1.5keV)

ne(s) = ne,0(3− s3)/3

ni(s) = ne(s).

(1)

Here s is the normalized toroidal flux and Te,0 and ne,0 are the
desired electron temperature and density at the plasma core.
Themaximum ion temperature is limited to 1.5 keV to account
for experimentally observed ion temperature clamping [23].
The radial electric field, which is paramount for fast-ion con-
finement in W7-X, was calculated for each plasma profile
using the NEOTRANSP transport code [24]. For the central
plasma parameters, values of 3.0 keV and 5.0× 1019 m−3 were
chosen to roughly correspond with typical ECRH-NBI dis-
charges from OP1.2b [25]. No impurities were included in the
plasma profiles. The full 1D plasma profiles, as well as the
NEOTRANSP-calculated derivative of the flux surface poten-
tial, are shown in figure 3.

Five magnetic configurations were selected to cover the
most common configurations for NBI operation in OP2.1. The
configurations were standard (STD) in the center of the para-
meter space; high mirror (HM) and low mirror (LM) which
vary the mirror ratio of the magnetic field; and high iota (HI)
and low iota (LI) which have edge ι values of 5/4 and 5/6,
respectively. The magnetic geometry consists of a regular and
periodic cylindrical grid. There are 276 grid points in the tor-
oidal direction, covering one of the five toroidal sectors. In the
radial and height dimensions there are 139 grid points, ranging
from 3.8m to 6.9m and−1.6m to 1.6m, respectively. In total
this results in 5.3 million grid points for each toroidal sector,
with a mean volume of 12.5 cm3 per grid cell. The magnetic
field and by extent the plasma quantities are interpolated to the
marker positions using tricubic spline interpolation.

The magnetic configuration has a profound effect on the
position of the ICRH antenna with respect to the LCFS.
Figure 4 shows the distance of the antenna components from
the LCFS as measured by the extrapolated value of the radial
flux coordinate ρ. The LM and LI configurations have the least
distance between the plasma and the antenna, while the HM
and HI configurations are the furthest apart from the LCFS.
The standard configuration sits in the middle of these two
extremes.
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Figure 3. Radial plasma profiles for the ASCOT simulations. The top figure shows the electron and ion density (red) and the electron
temperature (solid blue) and ion temperature (dashed blue) profiles, which are defined parametrically by equation (1) and are the same for
all magnetic configurations. The radial electric field, shown in the bottom figure, is dependent on the magnetic configuration and calculated
separately for each configuration from the temperature and density profiles.

Figure 4. Radial coordinate ρ evaluated at the wall coordinates for the different magnetic configurations. Hot colors are closer to the LCFS
and the color axis is the same in all configurations.
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4. Results

4.1. Beam slowing-down simulations

The ensemble of 10 M NBI markers were generated with the
BBNBI code. The profile was calculated separately for each of
the configurations since the shape of the plasma also changes
the beam ion birth profile. The radial profiles of the generated
NBI ions are shown in figure 5. The highest number of markers
are generated in the core plasma (ρ⩽ 0.5 where the density is
highest). This means that the beam ion density is significantly
higher in the plasma core, since the volume of the core plasma
is much smaller than the edge plasma: only 25% of the total
plasma volume is inside the ρ= 0.5 flux surface. The ioniza-
tion profiles have differences due to the shape of the equilibria.
As the two extreme cases, in the LI configuration the ions are
born further away radially due to the plasma extending farther
in major radius, whereas in the HI configuration the ions are
born at lower major radii due to the opposite reason. Due to the
low density, shinethrough fractions were high, between 25.5%
and 27.7% as seen from the ratio of ionized power to the total
injected power in table 3. This number includes both beam
duct scraping and actual shinethrough, i.e. particles that pass
through the plasma as neutrals.

The slowing-down simulation for the beam ions showed
considerable differences in beam confinement between differ-
ent magnetic configurations, as shown in table 3. The HM con-
figuration has the lowest particle loss fraction at 0.75MW due
to the shape of the magnetic field: the plasma equilibrium is
smaller in this configuration, and additionally less fast ions
are born on trapped orbits in this configuration than in other
configurations. The LI configuration has the highest amount
of losses at 1.71MW due to the outward-shifted shape of the
plasma. These results are consistent with behavior of fast-ion
confinement in earlier simulations [4].

4.2. Simulating the ICRH antenna power load

The fast-ion wall load to the ICRH antenna was simulated
using the full-orbit formalism. Significant differences in total
antenna loads were found between configurations: the total
antenna power load at working position varies from just
0.38 kW in the HI configuration to 99.31 kW in the LM con-
figuration (see table 3). To provide a visual overview of the
NBI lost fast-ion power loads on the ICRH antenna, the loads
in each of the magnetic configurations are shown in figure 6.
As expected from the antenna design, the highest loads in most
of the configurations are seen at the limiter tiles. Less intense
power loads are also seen at the antenna straps and antenna
box. It should be noted that the color axis is logarithmic, so
the limiter power loads are around two orders of magnitude
higher than the power loads to other components. The cop-
per sheath is only subject to loads at the very upper left-hand
corner of the antenna, inside and next to the limiter tiles. In all
of the configurations, the other side of the antenna (not shown
in figure 6) received significantly smaller losses.

There are both qualitative and quantitative differences in
the antenna power loads between magnetic configurations. In

Figure 5. Beam ion birth profiles as a function of the major radius
R for the different magnetic configurations. Since the plasma
profiles are kept constant the differences between configurations are
solely due to the shape of the equilibria.

Table 3. Injected, ionized and lost power and antenna power load at
working position in the different magnetic configurations.

Injected Ionized Lost Antenna
(MW) (MW) (MW) (kW)

STD 13.68 10.07 1.52 26.08
HM 13.68 10.16 0.75 14.45
LM 13.68 9.88 1.42 99.31
HI 13.68 9.92 1.24 0.38
LI 13.68 10.19 1.71 91.27

particular, the total wall loads are highest in the LM and LI
configurations. This is explained by the relative distance of the
antenna to the plasma in these configurations (figure 4). Con-
versely, the HM and standard configurations have less power
load, while the HI configuration sees only negligible losses to
the antenna. In the standard configuration a significant number
of particles hit the right-hand side of the antenna box. This hap-
pens simply due to the magnetic field geometry: in the stand-
ard configuration, NBI ion losses to the device steel panels are
seen at corresponding parts of the wall in other toroidal sec-
tors. In other configurations these periodic losses are located
at other parts of the wall.

To assess the nature of the NBI ions hitting the antenna, the
energy-pitch distribution of the particles hitting the antenna
was also studied. Figure 7 shows the distribution of NBI ions
hitting the antenna in the STD configuration with the antenna
in working position. The three injection energy fractions are
clearly visible along with slowed-down particles at energies
below the three initial energies. There are several weaker peaks
in the pitch direction as well, caused by the different orienta-
tions of the four PINIs. Particles that hit the antenna have pitch
magnitudes between 0.1 and 0.8. This means that passing and
toroidally trapped particles are not a major source of antenna
loads, and instead the source of the fast-ion losses to the
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Figure 6. Wall loads to the ICRH antenna for the different magnetic configurations. The color axis is the same in all of the configurations.

Figure 7. NBI ion flux to the ICRH antenna as a function of the
particle pitch and energy in the STD configuration with the antenna
in the working position. The nominal injection energies of
Eb = 55 keV, Eb/2 and Eb/3 are clearly visible, as well
slowed-down particles at low pitch values.

antenna are mostly blocked or helically trapped fast ions [26].
This can be understood from the position of the NBI injectors
relative to the ICRH antenna (figure 1). Since the NBI boxes
are both located in different toroidal sectors than the ICRH
antenna, particles trapped in one toroidal sector have no loss

channels that would reach the antenna. By contrast, particles
with pitch magnitude of over 0.80 are well-confined and not
lost from the plasma. This leaves a population of helically
trapped and passing particles that have a chance to traverse
to the ICRH antenna sector and consequently hit the antenna.
Most of the antenna losses are prompt losses at almost the full
injection energy, with slowed-down particles also hitting the
antenna at low magnitudes of particle pitch.

Because the different components of the ICRH antenna
have a varying capacity to withstand power loads, it is bene-
ficial to look at the total power load to each of the com-
ponent types separately. For this analysis, the five different
antenna positions mentioned in table 2 were simulated. The
total power loads to each component type for all configurations
and antenna positions are shown in figure 8. In general, the
power load shows an exponential dependence on the antenna
insertion depth. The power load is almost zero for half of the
distance between the liner and working positions.

The antenna limiter loads are the highest compared to other
components, up to 100 kW in total for the LM and LI config-
urations. The standard and HM configurations have compar-
able loads of 24 kW and 14 kW, respectively, or around 20%
of those in LM and LI. The HI configuration has negligible
loads of only up to 380W at full insertion.

The power loads of the antenna straps follow a similar pat-
tern as the limiter loads. Their magnitude is much lower, how-
ever, reaching only up to 0.7 kW total in the LM and LI con-
figurations. According to figure 6, the strap loads are mostly

7
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Figure 8. NBI ion power load to the ICRH antenna components in all of the studied magnetic configurations. The power load is shown as a
function of the distance of the antenna to the park position.

focused on the upper left- and right-most parts of the straps,
with LI also exhibiting loads in the lower left-most part.

The copper sheath loads exhibit a slightly different ordering
for the highest total loads. The LI configuration still has the
highest loads at up to 360W, but the LM loads are now clearly
lower at 210W. The HI configuration does not have any loads
to the sheath regardless of insertion depth. Interestingly, the
HM configuration has somewhat higher loads than standard
for the copper sheath. This is because according to figure 6,
the copper sheath loads in all configurations are concentrated
on the inner side of the antenna limiter, namely in the upper
left corner. In the HM configuration this area is also subject to
high power losses to the limiter tiles due to the magnetic field
shape.

The antenna box loads exhibit very different behavior to the
other components: only the standard configuration has signi-
ficant loads of up to 1.6 kW. The LI configuration also has a
total load of up to 200W. According to figure 6, the antenna

box loads in the standard and LI configurations are spread
along the right-most side of the antenna box.

4.3. Limiter power flux estimates

To further assess the safety of concurrent NBI-ICRH opera-
tion, the power flux to the ICRH antenna for each wall model
triangle was also calculated. The accuracy of this calculation
was limited by the number of markers hitting the antenna com-
ponents, whichwasmore than 100 000markers for the antenna
limiter, up to 3000 for the antenna straps and box, and less
than 500 for the copper sheath in all simulations. This practic-
ally means that from these simulations accurate power flux can
only be calculated for the antenna limiter. In addition, triangles
with only a single hit were excluded from the power flux calcu-
lation to avoid single hits to small wall triangles from skewing
the results.

8
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Figure 9. NBI ion power flux to the ICRH antenna limiter for the different magnetic configurations. The power fluxes are shown as a
function of the distance of the antenna to the park position. The figure shows the mean (white line), box with lower to upper quartiles, and
the total data range (whiskers).

The power flux estimates for the limiter are shown in
figure 9. The limiter tiles do not get any power loads in the
liner antenna position in any of the configurations. Even at
half insertion depth the power fluxes are very low or, in the

case of the HM and HI configurations, non-existent. Closer
to the working position significant power fluxes begin to
appear—at the working position, the power flux can reach
up to 17.5MWm−2 for some limiter triangles in the LI

9
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configuration. In fact, in all but the HI configuration the
maximum power fluxes are above the 2MWm−2 steady-state
safety limit, even when considering only the NBI power flux
and not the thermal and ICRH ion contributions. The mean
power flux stays below the safety limit in all configurations,
while the upper 75% quartile of power loads are above the
safety limit in the LM and LI configurations. However, as men-
tioned before these safety limits are very conservative for NBI
injection, as the maximum NBI pulse length is only 5 s com-
pared to 30min for steady-state operation. It is therefore likely
that the NBI input power flux to the antenna limiter will not
limit NBI pulse lengths at least in the operating conditions
studied here.

5. Conclusions and further work

The NBI power load to the W7-X ICRH antenna was found
to have an exponential dependence on the antenna insertion
depth. Significant wall loads are only seen at an insertion of
at least 50% between the liner and working positions of the
antenna. The LM and LI configurations consistently had the
highest power loads, standard the next highest, and the HM
and HI configurations the lowest. This is best explained by
the distance of the antenna to the LCFS, which is highest in
the HM and HI configurations. The HI configuration also has
the added benefit of a very thin magnetic island width, which
reduces the possible channels of the fast particles hitting the
antenna.

The maximum simulated antenna insertion of 277mm was
based on the designatedworking position in the standardmag-
netic configuration. The actual antenna working positions are
planned to vary based on the shape of the LCFS. An recent
internal study at Wendelstein 7-X was done to suggest antenna
working positions for each magnetic configuration based on
thermal heat loads [27]. The suggested positions are summar-
ized in table 4, where the insertion depth normalized to the
277mm maximum insertion position studied in this work is
also shown. In the STD, HI, and HM configurations the sug-
gested insertion depth of the working position is more than
277mm and the power loads will exceed the highest values
obtained in this study. In the LI and LM configurations the
insertion depth lies within the range of this study and, thus, the
power loads will be less than the highest loads presented here.
To evaluate the value for the power load at these configuration-
dependent working positions would require additional simu-
lations or extrapolation. However, the main outcome of this
work is the qualitative nature of the power load on the inser-
tion depths, not the precise numerical values. Quantitative sim-
ulations could be done on a case-by-case basis to obtain more
accurate values for certain discharges.

The local power flux to the ICRH antenna limiter was also
calculated. Based on the maximum loads, the NBI power flux
can exceed the steady-state limiter safety limit of 2MWm−2

in all but the HI configuration. Nevertheless, due to the limited
NBI pulse length the NBI power loads should not pose a safety
hazard to the limiter tiles.

Table 4. Suggested ICRH antenna operating positions based on
thermal load calculations in each of the magnetic configurations.

Insertion depth (mm)
Normalized to STD
working position

STD 281 1.01
HM 299 1.08
LM 267 0.96
HI 317 1.14
LI 262 0.95

For the next operational phase, OP2.1, only four of the eight
possible NBI sources that were simulated in this work will be
available. This would mean that the magnitude of the calcu-
latedNBI power loads would be approximately halved, assum-
ing that the power loads for each symmetrically positioned
NBI source are roughly equal. The figures presented here thus
represent an upper limit to the NBI power loads to the antenna.

The sensitivity of the wall loads to profile variation was
briefly studied during this work using the same plasma pro-
files as earlier wall load calculations in W7-X [4, 28]. These
profiles have approximately four times higher density and two
times lower temperature than the parametric profiles presented
here. The power loads with alternate profiles were found to be
roughly twice that of the values shown here in the standard
configuration. This is most likely due to the beam ionization
profile skewing closer to the LCFS with higher density. More
detailed simulations are needed to fully assess the effect of
density scaling, however.

These simulations only cover a small space of possible
operating scenarios, and for more accurate predictions in the
future several improvements are suggested. First of all, real-
istic plasma profile measurements should be used once avail-
able, in particular to provide better beam deposition calcula-
tions. Preferably this would also include an estimate of the
density outside the LCFS, at least in front of the NBI ports.
Accurate plasma profiles would also be important for assess-
ing CX reactions, which will be implemented in a future ver-
sion of ASCOT, and would influence the radial electric field
profiles as well.

Because ASCOT only provides the fast-ion flux to the wall,
they should be combined with FEM calculations to assess the
time evolution of the component surface temperature. Only
then can proper time limits for NBI injection during ICRH
operation be established. This would also require combining
the NBI ion power loads calculated here with both thermal and
ICRH-heated fast-ion power loads to account for all contribu-
tions to the power load. The combined loads could then be
validated by monitoring the temperature of the antenna using
existing thermocouple and infrared camera diagnostics [11].

Data availability statement

The data cannot be made publicly available upon publication
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accessible or reusable by other researchers. The data that sup-
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