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Although ICRF heating has achieved the high heating efficiency necessary to achieve high-performance
plasmas, it has not overcome the reliability and economic problems associated with the antenna structure
inside the vacuum vessel in fusion reactors. We suggested a slit ICRF antenna that uses the blanket surface as
a transmission line to solve these problems. With a single slit ICRF antenna with a width of 3 m and a height
of 15 cm, the electric field strength to the magnetic field direction was successfully suppressed to 5 kV/cm
when 20 MW of power radiation was achieved from the single slit. The slit ICRF antenna had a bending angle

in the electromagnetic wave transmission path to prevent direct neutron impact on the first wall and a vacuum
gate from rapidly preventing water or air leakage accidents. The slit ICRF antenna has a simple structure that
allows heating at high power density while minimizing blanket volume reduction.

1. Introduction

An ion Cyclotron range of frequencies (ICRF) heating is one of the
attractive methods to heat high-density plasmas exceeding 10’ m~3
with high heating efficiency [1] and to drive plasma-current [2] with
controlling current phase on strap surfaces for ICRF antennas. Fast ion
production with large triple products, high heating efficiency [3], and
impurity control [4,5] were demonstrated using ICRF waves.

On an ICRF antenna in European DEMO (EU-DEMO) [6], a loop
type ICRF antenna [7,8] and a traveling wave antenna (TWA) [9]
is suggested, and their structure is designed based on the traditional
experiment knowledge for ICRF heating experiments with the large
antenna-plasma coupling [10]. In traditional ICRF antenna experi-
ments, mitigating RF sheath effects related to local heat loads is one of
the critical issues, and the RF sheath may cause impurity generations
and increase neutral particles around ICRF antennas. These effects
increase the possibility of breaking down between the antenna strap,
the Faraday screen, or the protectors.

We hope to decrease the RF sheath effect by optimizing the current
profile on the strap surfaces and reducing the parallel electric field
(E) to the magnetic field line. A field-aligned ICRF antenna has been
developed to make ideal wave excitation with a negligible E; in the
Large Helical Device (LHD) [11], and Alcator C-Mod [12]. They suc-
cessfully reduced impurity production and local heat loads during ICRF
heating. As the other method of RF sheath reduction, current profile
optimization with a multi-strap ICRF antenna has been challenged in
the ASDEX-U [13], and it showed the reduction of E from the finite
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element method (FEM) calculation. These studies indicated that ICRF
heating could reduce parasitic heating related to RF sheath to control
the current profile on the straps. However, several issues in designing
an ICRF antenna remain, and they are associated with the antenna
geometry inside the vacuum vessel in reactors. The loop-type ICRF
antennas have a complex antenna structure, which increases assembly
and maintenance costs and, as with all equipment with cooling systems
in vacuum vessels, reduces reliability due to the risk of water leakage.

A waveguide ICRF antenna is one of the candidates to solve these
issues, but the waveguide size is large (~ 3 m on the frequency of 50
MHz) in recent large-size devices for fusion plasma experiments, re-
spectively. To challenge designing a waveguide ICRF antenna to excite
a mode-converted ion Bernstein wave in the LHD, a folded waveguide
antenna experiment was conducted [14]. In order to shorten the length
of the long axis of the rectangular waveguide, the waveguide is folded
in a truncated shape, resulting in a compact waveguide antenna. In this
experiment, the waveguide antenna was installed just in front of an X-
point of the divertor leg, and a large amount of wave power went to
divertor plates through the divertor leg. This issue was strongly related
to the installation issues, and there is no suggestion that waveguide
antennas cannot excite electromagnetic waves more suitable for heating
than loop-type antennas.

The DEMO and reactor are large enough to encapsulate a waveguide
ICRF antenna within the vacuum vessel and blanket module, making a
waveguide ICRF antenna in DEMO feasible. This paper shows a design
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Fig. 1. Overview of a slit ICRF antenna in EU-DEMO.

of a slit ICRF antenna as a waveguide antenna for ICRF heating and
an overview of the slit ICRF antenna based on the EU-DEMO. Second,
we discuss the critical parameters and capability of exciting wave
power using the single slit ICRF antenna with a simple antenna model
using the commercial finite element method (FEM), COMSOL [15].
Finally, we suggested the design values of a single slit ICRF antenna
and discussed the remaining research issues for the slit ICRF antenna.

2. Overview of a slit ICRF antenna in EU-DEMO

Fig. 1 shows the overview of the design for a multi-slit ICRF antenna
in EU-DEMO (a), an overview of the single slit ICRF antenna component
connected to the external coaxial line (b), and the cross-section for the
single slit ICRF antenna (c). As a design for a waveguide ICRF antenna,
the slit ICRF antenna consists of five key components, a slit waveguide
on the blanket surface, a vacuum gate in the rectangular waveguide, a
transducer from the coaxial line to the rectangular waveguide, vacuum
feedthrough connected to the external coaxial line, and the coaxial
line with impedance transformer such as Fig. 1(c). The components of
slit ICRF antennas have simple structures, and they could share with
the elementary component for the EU-DEMO and reactors. For neutron
impact damage, their components are not critical compared with the
other components in the vacuum vessel, and there are no differences
in reliability between with or without the slit ICRF antenna in reactors.
We suggest these slit surfaces, on which ICRF wave propagates, are
covered by tungsten like the surface of a blanket face to plasma to
reduce Joule loss from the wave propagation. In fusion reactors, the
reduction of neutron shielding due to the installation of heating and
measurement equipment is an important issue. This slit antenna is
expected to mitigate the reduction of neutron shielding due to the
decreasing blanket volume by achieving high power density excitation
for the single slit ICRF antenna. In excited power density for a single
slit ICRF antenna, we discuss the capability in the next section using
a simple wave propagation model on the slit surface. For the other
vital components, the vacuum feedthrough and impedance transformer
have been developed in long-pulse plasma operation in the LHD, and a
duration time of 48 min with a heating power of 1.2 MW was achieved
with good reliability. At the LHD, the heating power is much less than
at EU-DEMO, but the critical voltage of the coaxial system regarding
electrical design can be increased by scaling up the coaxial line diame-
ter with the increase in incident power based on the experience of the
long-pulse ICRF heating in the LHD. Of course, mechanical and thermal
structure optimization will be necessary due to scale-up, but significant
structural redesigns will not be required. Empirically, transmission lines
with coaxial structures for high power transmission can be designed as
efficiently in EU-DEMO as in existing methods.

3. Capability of injection power in the single slit ICRF antenna
To effectively excite electromagnetic waves from the blanket sur-

face, a simplified rectangular waveguide propagation model for EU-
DEMO (Fig. 2) was used to predict the propagation and reflection of

electromagnetic waves in the slit ICRF antenna and the electric field
strength on the slit at the blanket surface. The design values of the slit
antenna model include the transmission distance L from the vacuum
vessel to the blanket, the bending angle theta in the center of the
blanket, the length height in the short axis direction, and width in the
long axis direction of the slit on the blanket surface, the fillet radius R
to reduce the electric field concentration due to convexity in the slit,
and the overlap thickness 7 in the linear direction for neutron shielding
in blankets to prevent direct impact on the first wall by neutrons. The
locations R = 3.29 m, 9.44 m, 10.04 m, and 12.04 m correspond
to the blanket surface near the center stack in the vacuum vessel,
the blanket surface from which the electromagnetic waves of the slit
ICRF antenna are excited, the inner wall surface of the double vacuum
vessel, and the outer wall surface of the double vacuum vessel. Since
the ICRF heating frequency currently used in EU-DEMO is planned
to be 50 MHz, this slit ICRF antenna was also designed to be able
to propagate electromagnetic waves at 50 MHz. As shown in Fig. 2,
the model had no plasma region and had a uniform structure in the
direction perpendicular to the horizontal plane except for the slit where
the electromagnetic waves propagated. To investigate the propagation
characteristics of electromagnetic waves in the slit antenna, an RF wave
was launched from point B, the end of the rectangular waveguide,
in Fig. 2(A), and the reflection coefficients, S,;, were calculated in
various waveguide parameters. The wave power propagated into the
slit antenna, some wave power was radiated from the slit antenna
into the vacuum region at the blanket surface, and some wave power
returned to the incident port B. Finally, wave power went to X; or X,
for the radiation boundary in Fig. 2(A) or returned to injection port B.

The simplified wave propagation model revealed the effect of each
parameter for the slit ICRF antenna. In this model, where there was no
absorption of electromagnetic waves in the vacuum region, the elec-
tromagnetic waves radiated from the slit ICRF antenna were strongly
reflective on the inner blanket surface, and the reflected waves might
return to the slit that radiated the electromagnetic waves. The electric
field strength at the slit surface was evaluated, including the effect
of this composite reflection wave. Realistically, the curvature of the
plasma surface just in front of the blanket and the propagation in the
plasma is expected to reduce this reflected wave of electromagnetic
waves back to the slit. Furthermore, since wave power in the actual
plasma can be absorbed by the plasma on the propagation in the
plasma, the reflected wave to the slit would be decreased than in the
model, and the electric field strength at the slit aperture with this model
would be overestimated.

To investigate the propagation characteristics of electromagnetic
waves in the slit antenna, the reflection coefficient .S}, of electromag-
netic waves converted to a rectangular waveguide mode at R = 9.44 m
could be used to investigate the exciting capability of electromagnetic
waves at the blanket surface after conversion to waveguide mode. The
RF launching port was set to point B in Fig. 2, and the output port
of the wave was set to the sides of both toroidal vacuum regions.
The launching port was the end of the rectangular waveguide, and
the other boundaries were reflection boundaries as perfect conductors.
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Fig. 2. A simple wave propagation model for the single slit ICRF antenna.
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Fig. 3. Reflection coefficient .5|; in various height and width of the waveguide aperture.

Note that even if S|, was zero, the electromagnetic wave incident from
the coaxial line was not excited into the plasma without reflection, but
there was a significant reflection by the coaxial waveguide converter.
Coaxial waveguide conversion without cavity resonance generally ex-
hibited low impedance at the conversion section, so the matching
mechanism by impedance conversion was essential, but in this paper,
the optimization method of impedance transducers [16] is out of scope.

In Fig. 3(a), when the width of the slit aperture became longer
than the cutoff length of 3 m for electromagnetic waves of frequency
50 MHz, electromagnetic waves could propagate into the slit, and the
S|, increased rapidly as the aperture width increased. Then, when the
slit aperture length increased to 4.2 m, S;; reached a maximum and
decreased gradually. To optimize the exciting power density of electro-
magnetic waves and mitigate the reduction of the blanket volume by
the slit ICRF antenna, we suggested that width be 3 m, the same as the
cutoff length. If the actual slit width is designed to be precisely 3 m, the
propagation characteristics of electromagnetic waves in the slit will be
significantly degraded if the slit is shorter than 3 m due to errors caused
by installation, etc. Therefore, in actual design width, the width of the
slit aperture should be designed as a few centimeters longer than the
cutoff length at which electromagnetic waves can propagate.

Once the slit width was determined, which was the critical design
value of the slit antenna, it was crucial to optimize the electric field
strength on the slit aperture at the blanket surface. Increasing the
height of the slit aperture decreased the electric field strength at the

aperture, but it led to an increase in the aperture surface and a decrease
in the tritium breeding volume of the blanket. The dependence on the
aperture height with the slit width of 3 m according to Fig. 3(b) showed
that the optimum value concerning .S; was at the height of 10 cm. The
height at which §;; increased by about 10% from the optimum value
was found to be between 8 cm and 15 cm, and a realistic slit height with
reduced electric field strength was between 10 cm and 15 cm. Since the
electric field strength decreased inversely proportional to height, 15 cm
was chosen as a candidate height for the slit ICRF antenna to suppress
the electric field strength to enable power excitation with a single-slit
ICRF antenna as much as possible.

The power density and electric field strength distribution at the slit
aperture when the slit width was 3 m, the aperture height was 15 cm,
and the injection power was 20 MW were shown in Fig. 4. The average
exciting power density from the antenna was 44.4 MW/m?, but from
Fig. 4(a), the maximum power density reached 93.7 MW/m? at the
center of the slit aperture. In the slit ICRF antenna, electromagnetic
waves were not evenly radiated from the slit aperture but were mainly
concentrated near the center, with a power density distribution that de-
creased parabolically toward both ends of the slit’s long axis direction.
However, in the center of the short axis slit direction, the power density
distribution was high at both ends and relatively low in the center.
The radiated power density distribution of electromagnetic waves from
the slit antenna could be considered in a similar way to the loop-type
antenna because the distance from the center of the strap corresponds
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Fig. 5. Reflection coefficient S|, for the bending angle 0, and the filet radius R, and the length of propagation path L.

to the distance from the center of the slit aperture, and the propagation
of electromagnetic waves after radiation could be considered in the
same way. Like the power density, the electric field strength at the
slit aperture was also more significant in the center and negligible at
both ends of the aperture, and the electric field strength was mainly
dominated by the component in the direction of the short axis of the
slit.

Fig. 5 showed the dependence on the angle that bends the propa-
gation path of the electromagnetic wave between the vacuum vessel
wall and the blanket surface, the rounding radius R of the convexity
that occurred at that time, and the resonance effect by varying the
transmission path length of the vacuum section. Since the angle and
the rounding radius R had a weak effect on the reflection coefficient
S|, it was sufficient to choose an angle that simplified the structure
and increased reliability, and its radius R should be as large as possible
to weaken the electric field. On the other hand, as for the dependence
on the length inside the vacuum vessel, extending the transmission
path improved the reflection coefficient slightly, but the transmission
path became more complicated to increase the length inside the vessel,
which reduced the system’s reliability. Therefore, it was essential to
choose the transmission path of the slit antenna with the shortest path
for reliability and cost considerations.

Fig. 6 showed the electric field distribution of the perpendicular
(E,) and parallel (E”) direction to the magnetic field lines when the
incident power was 20 MW, and the horizontal angle of the magnetic
field at the front of the blanket surface was 15 degrees. The ICRF
slit antenna had a width of 3 m, a height of 15 cm, transmission
line curvature of 45 degrees, a fillet radius of 10 cm, and an overlap
distance of 1 cm to prevent direct neutron impact on the first wall.
The perpendicular electric field strength distribution had the same
magnitude as the top and the bottom sections, with the maximum
slightly shifted to the left and right compared to the maximum in the
center, but the difference was negligible, such as Fig. 6(a). The parallel
electric field strength had the same direction in the top and the bottom
sections, but these positions of the maximum value were shifted by
about 1 m. Since 20 MW of the electromagnetic wave was injected,

the magnitude of the vertical electric field was 12.5 kV/cm, but the
parallel electric field was below 5.0 kV/cm, and the direction of the
parallel electric field was the same in the top and bottom sections.
Therefore, as the single slit ICRF antenna, there was still enough margin
for the injection power capability compared to the empirically obtained
operation electric field strength of 15 kV/cm [17] with the magnetic
field direction without arcing and damage.

Fig. 7 showed the results of the maximum electric field for parallel
direction to the magnetic field lines at the blanket surface in various
incident power and aperture heights. The reflection coefficient in Fig. 3
suggested that the reflection coefficient was minimum at 10 cm, but on
the other hand, the electric field strength would be higher due to the
shorter short-axis length. When the angle between the magnetic field
at the blanket surface and the slit was 15 degrees, the parallel electric
fields were less than 15 kV/cm even when the incident power was 40
MW if the slit height was 10 cm or higher. Since reliable ICRF heating
prevents arcing and other damage with the parallel electric field of 15
kV/cm, the maximum operating electric field strength should be set at
10 kV/cm, which was smaller than the parallel electric field strength of
15 kV/cm. The maximum power of electromagnetic radiation was 22.1
MW at 10 cm height, 30.2 MW at 13 cm height, and more than 40
MW at 15 cm and 17 cm height. The angle with the magnetic field was
set at 15 degrees, but it might increase to 20 degrees depending on the
situation, so a height of at least 13 cm was necessary. We also proposed
a minimum slit height of 15 cm, assuming higher inter-slit coupling due
to the operation of multiple slits. The average power radiation density
at the aperture was 51.3 MW/m? at a slit height of 13 cm, 64.4 MW/m?
at 15 cm, and 39.2 MW/m? at 17 cm, ensuring that the slit antenna had
a power radiation density of at least 30 MW/m? at any slit height It
could be regarded as an ICRF antenna. Based on the above, EU-DEMO
finally proposed the design values shown in Table 1 for the slit ICRF
antenna with a slit height of 15 cm, which had a permitting parallel
electric field and a small slit area.
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Table 1

The design parameters of a single-slit ICRF antenna in EU-DEMO.
Width Height Angle Filet radius Overlap thickness Pox
3m 0.15 m 45° 10 cm 1 cm 29 MW

4. Conclusion and discussion

Table 1 showed an example of the slit ICRF antenna in EU-DEMO.
The aperture surface of the single slit ICRF antenna was 0.45 m? with
the injection power of 20 MW, and a power density of 44 MW/m? was
possible. The maximum electric field strength was approximately 12.5
kV/cm, and the parallel electric field to the magnetic field lines was
5.0 kV/cm, assuming an angle of 15 degrees with the magnetic field.

The slit ICRF antenna consists of five key components: a waveguide
on a blanket surface, a vacuum gate in a rectangular waveguide, a
coaxial line to a rectangular waveguide converter, vacuum feedthrough
connecting to an external coaxial line, and an impedance converter.
The propagation route of electromagnetic waves near the blanket in the
vacuum vessel, which is particularly essential, uses the blanket surface,
so the transmission path is realized by creating a simple shape on
the blanket surface without a particular structure as an ICRF antenna.
The slit ICRF antenna can be considered a very reliable and low-cost
heating device because it has the capability of high power density
radiated into the plasma, has a gate for vacuum closure inside the
double vacuum vessel, and does not require special equipment for ICRF
heating device except shared blankets in the vacuum vessel. In the

impact of neutron breeding rate using the slit ICRF antenna, this slit
antenna is designed to keep the blanket volume, not to decrease it by
setting a waveguide. However, we must consider the neutron breeding
rate, including the indirect interaction between the neutron and blanket
module. The neutron analysis of the slit ICRF antenna is one of the
future tasks to estimate the neutron breeding rate accurately.

On the other hand, in the current drive with multi-slit ICRF anten-
nas, the study of electromagnetic excitation related to the increased
reflectivity of the slit antenna due to the accurate magnetic field struc-
ture associated with the dielectric constant of the plasma has not yet
been completed. In the initial calculation result of wave excitation with
the multi-slit ICRF antenna on the plasma surface with the monotonical
dielectric tensor, ¢, ~ 81, the electric field was focused on the plasma
surface in front of the slits with the vertical discrepancy between slits of
70 cm and the horizontal discrepancy between the slit centers of 38 cm
such as Fig. 1(a). The geometrical expectation of an exciting parallel
wavenumber is 7.9 m~! with the angle of the magnetic file of 16°
However, we must use a plasma model to evaluate the actual exciting
spectrum in the plasma for the slit ICRF antenna, which is ongoing
work. Especially in the case of simultaneous excitation by multiple slits,
it is expected that the coupling between slits will be significant, and
therefore plasma modeling studies are essential.

Although the TWA antenna is the most advantageous of the loop
ICRF antennas in the EU-DEMO, it is not appropriate to compare the
TWA with the slit ICRF antenna at the moment. The slit ICRF antenna
determines the maximum available power from the electric field in
the direction parallel to the magnetic field, while the TWA antenna
determines the maximum available power from the maximum voltage
of the antenna. This does not allow a fair evaluation of the radiated
power density, which is important in the EU-DEMO for maintaining
the blanket region. The TWA is designed for 50 MW injection with
four ports in the toroidal direction and a radiated power density of 2.0—
2.7 MW/m? with a maximum strap voltage of 30 kV. On the other hand,
the slit ICRF antenna is assumed to inject 10-20 MW with one slit with
a maximum parallel electric field below 10 kV/cm. Although it varies
depending on the conditions, the breakdown voltage under vacuum is
about 20 kV at 1 mm. The arc voltage of a loop-type ICRF antenna
is usually the shortest distance between the current conductor and the
Faraday shield. Considering that the breakdown voltage increases with
the square root of the distance, the breakdown voltage is 63.2 kV when
the shortest distance is about 1 cm. In an electromagnetic analysis of
antennas, the electric field strength around the Faraday shield reaches
20-30 kV/cm. However, it has been reported that arcing occurs when
the electric field strength in the direction parallel to the magnetic
field reaches 18 kV/cm [17]. It is possible to apply the electric field
strength of 30 kV/cm or more in the direction perpendicular to the
magnetic field with the parallel electric field below 18 kV/cm. Since
the injectable power of a TWA antenna can be improved simply by
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taking the above into account, the currently evaluated radiated power
density underestimates the actual performance that is possible. For
these reasons, we would like to compare the TWA and the slit antennas
after improving the TWA and getting the detail of the geometry of the
TWA.

For the simulation of electromagnetic excitation, including plasma
modeling, it is essential to determine the plasma parameters and design
them simultaneously with the modular structure of the blanket. At
this time, the details of the magnetic and blanket structures have not
yet been determined, and simulations related to optimization, etc.,
are the subject of future research. Since slit ICRF antennas can also
be realized in helical [18] and stellarator [19] fusion reactors with
complex magnetic field structures, further research on blanket magnetic
field structures for ICRF slit antennas is desirable.
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