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ARTICLE INFO ABSTRACT

Keywords: This paper describes the design and realisation status of the Ion Cyclotron Range of Frequency (ICRF) system of
ICRH the Divertor Tokamak Test facility (DTT). DTT requires a large amount of additional heating partially provided
DTT by an ICRF system working in the frequency range from 60 to 90 MHz. The system will be modular, with

Plasma heating each module aimed at coupling at least 3 MW for 50 s every hour to the DTT reference plasma as well as to

contribute to wall cleaning tasks with lower power and higher duty cycle. Compared to existing and planned
ICRF plants for tokamaks and stellarators, the radiofrequency system of DTT presents some peculiar features,
mostly with reference to the technology of radiofrequency generators and to the mix of challenges the antenna
design has to face like geometry decomposition, remote assembly and maintenance. The system design started
some years ago and, in the last two years, 50+ collaborators contributed to make advances in its definition
and development. Recently the ICRF system of DTT entered its realisation phase, with the issue of the first
calls for tender, one of which for the procurement of two radiofrequency sources, while some aspects are still
under design. This contribution gives a brief overview of the system architecture and focuses on the major
advancements achieved in the latest years.
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Fig. 1. Simplified circuit schematic of the ICRF system of DTT. Coaxial lines with characteristic impedance of 50 and 30 Ohm are respectively shown in black and orange colour.

1. Introduction

The Divertor Tokamak Test facility (DTT) is a tokamak under re-
alisation in Italy whose main goals are to improve the experimental
knowledge of heat exhaust in the operating conditions of a fusion
reactor and to help choosing the best divertor solution for DEMO [1].
To this aim, DTT needs around 45 MW of auxiliary heating, that will be
provided by electron cyclotron resonance heating, ion cyclotron range
of frequencies (ICRF) and Neutral Beam Injection.

The ICRF heating of plasmas is widely used in several existing fusion
machines based on magnetic confinement [2-4] and the deployment
of new ICRF systems is planned in most reactor-relevant tokamaks [5-
7]. The propagation of ICRF waves presents no density limit and, after
understanding how to face issues such as coupling to ELMy plasmas and
RF-induced sputtering [8], their heating effectiveness has been proven
with H-mode plasmas in tokamaks with metallic walls.

The ICRF system of DTT is aimed at providing bulk ion heating
and contributing to other tasks like wall cleaning and generation of
fast particles. It will be composed of 1 (min) to 3 (max) modules,
the final choice to be taken during the initial experimental phase
of DTT. A preliminary definition of the ICRF module was presented
in [9] and consisted of two diacrode®-based transmitters, two, 4-
feed, 2-strap antennas and an ELM-resilient matching scheme relying
on external conjugate-T. Since then, this configuration has undergone
major changes according to modifications in the DTT design, e.g., with
reference to the available room in the ports, as well as to a more
accurate cost assessment based on market surveys. In particular, grid
tube technology was abandoned in favour of solid-state one, a 3-strap
antenna concept was preferred, and 3 dB hybrid couplers were chosen
in place of conjugate-T [10].

In the last two years, 50+ collaborators contributed to the design of
the ICRF system of DTT, which entered its realisation phase. The recent
progresses in its development are described in this paper.

2. System architecture

A simplified schematic circuit of the ICRF system of DTT is depicted
in Fig. 1: transmitter outputs are combined in pairs and, after around
60 m, split by 3 dB hybrid couplers. Subsequently, the RF lines at the
output of each 3 dB hybrid coupler are routed towards different an-
tennas where, after an impedance transformer, feed equivalent straps.
Each antenna has 4 feeds, so above-mentioned lines are split again by
means of a T-junction and provided with other two phase shifters before
being connected to antennas. Two feeds are for a central strap, which
has an end-fed centre-grounded configuration, and the other two are
for lateral straps, which feature a folded shape. Most route of RF lines
rely on 9 3/16” rigid coaxial cables with characteristic impedance Z, of
50 Ohm, except close to antennas whose feeds use the 6 1/8” standard
with Z, of 30 Ohm.

The operational frequency range is 60—-90 MHz, allowing for on-axis
minority heating of D(*He) and D(H) plasmas at the boundaries of the

interval. Each ICRF module is expected to couple 3 MW to the DTT
reference plasma scenario for 50 s every hour and minimise derating
in other magnetic configurations. During wall conditioning operations,
a larger duty cycle of 1 h every two hours with a maximum coupled
power of 200 kW was instead assumed [11].

3. Progress in system development
3.1. Transmitter

In the last decades, solid-state RF power amplifiers (SSPA) made
outstanding advances, replacing grid tube technology even in high-
power applications, like various accelerator fields [12], and attracting
the attention of fusion community that started wondering whether
semiconductor based RF amplifiers can fully replace tetrodes in ICRF
generators or not [13]. This question was still open when DTT had to
start the procurement of its first two ICRF transmitters, so a market
survey was issued in 2022 to assess the existence of both interest and
technical capacity among SSPA manufacturers to fulfil DTT needs. Sup-
pliers’ reply was very promising, accordingly DTT abandoned tetrode
technology and opted for the procurement of fully solid-state transmit-
ters.

They will be the first ones with such combination of output power,
bandwidth and duty cycle. In detail, a maximum output power of 1.2
MW with a VSWR less than or equal to 1.5 is required in the bandwidth
from 60 to 90 MHz for 50 s every hour. The transmitters can work with
higher VSWR than 1.5 derating their output power and a fast shutoff is
carried out if VSWR exceeds 3.0. Other operating modes, for example
during wall conditioning or antenna conditioning, with lower power
and higher duty cycle shall be also feasible. Details on their technical
specifications can be found in [14].

The realisation of the first two transmitters was recently awarded.
Each one will have more than 1500 LDMOS, with controlled drain volt-
age, and more than 300, hot-swappable, off-the-shelf power supplies. A
broadband progressive combination of transistor outputs was preferred
to a single-stage cavity combiner [15] that needs to be mechanically
tuned to cover the specified frequency range. More precisely, a 5-stage
combiner, whose detailed design is currently ongoing, will be used.

3.2. Transmission line and matching

Extensive circuit simulations have been carried out with Ansys™
Electronic Desktop to check the performance of the reference RF circuit
of Fig. 1 and to assess alternative designs. The antenna was modelled
through its scattering matrix computed with TOPICA [16] for the DTT
single-null scenario. Circuit simulations demonstrated that a stand-off
voltage of 35 kV allows the reference circuit scheme to attain the target
coupled power at all frequencies.

Several modifications to the reference design were studied, identify-
ing an alternative feeding scheme for lateral straps, which is depicted in
Fig. 2. This circuit provides flexibility in shaping the antenna spectrum
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Fig. 2. Alternative feeding scheme of lateral straps. Colours and symbols are as in
Fig. 1.
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Fig. 3. Coupling performance, calculated with TOPICA for 0z0 phasing and equal
coupled power between central and lateral straps.

and results in a lower forward power across stub tuners and trombones;
nevertheless its use is under discussion because it is more expensive and
ICRF current drive is not required in DTT.

In parallel with design activities, the procurement of RF components
needed to test the combination of two transmitters under mismatching
conditions has started. They include a broadband 3 dB hybrid coupler,
an impedance transformer and a 2.5 MW dummy load. A testbed facility
is required to test RF components, feedthroughs and antennas and it
will be progressively deployed according to the planning of the tasks
to be accomplished. The first testbed configuration, currently under
procurement, will allow to perform the site acceptance test of the
transmitters and to test 50 Ohm RF components.

3.3. Feedthrough and antenna

Several designs of feedthrough based on alumina ceramic were
assessed, restricting the choice between conical shape and corrugated
disk [17]. Further analyses [18] highlighted that the former design
attains lower E-field value and is thus preferable. Preliminary thermo-
mechanical analyses were also carried out showing that active cool-
ing is unnecessary if feedthrough is outside cryostat and Ag- or Cu-
coated [19].

As far as antenna design is concerned, several antenna concepts had
been compared in terms of RF performance a few years ago in [10],
using a flat approximation for their geometries, and a 3-strap antenna
design had been identified as the most promising candidate. Since then,
design activities focused on this choice with the aim to bring it to a
higher level of maturity than a simplified, flat, conceptual RF model.
In detail most efforts were put in drawing the curved shape of the
antenna along toroidal and poloidal direction, designing its cooling
circuit, defining procedure and steps to install the antenna in allocated
ports, and selecting the materials of its subparts.

The poloidal antenna profile will match the single null DTT plasma
on the top part and will detach from the plasma at the bottom to allow
the antenna to be in the shadow of the first wall while retracted [20].
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plug-in remotely handled

Fig. 4. Plug-in and remotely handled antenna parts.

Taking into account all geometrical constraints, the antenna design
was optimised in terms of RF performance [21], reaching a coupling
capability in single null scenario well above the target value of 1.5 MW.
Its plot versus frequency has been computed with TOPICA, which was
repeatedly validated against experimental data for this type of calcu-
lations [22]. The plot is shown in Fig. 3 and gives confidence about
the achievement of acceptable performance also in different scenarios,
which still have to be assessed. The optimisation also aimed at min-
imising RF electric fields parallel to the tokamak magnetic field [23],
which, averaged 3 mm in front of a side limiter and normalised to a
coupled power of 1.5 MW, are of the order of 1.5 kV/mm at 90 MHz.

According to computational fluid dynamics and thermo-mechanical
analyses [24,25], an effective cooling circuit can be designed, providing
antenna subparts with internal cooling channels, thus ruling out the
need to introduce major geometrical modifications to the RF design to
cope with high heat loads expected in DTT. The assembling through the
remote handling system (RHS) is instead a major concern. The current
design aims at separating the antenna into a plug-in and a remotely
handled part [26]: as shown in Fig. 4, the former includes straps,
septa and part of the box, while the latter consists in the remaining
components like Faraday screen (FS) and limiters. The plug-in part will
be installed by inserting it through the ICRF port; the remotely handled
part will be installed by the RHS through a tailored gripper that is under
design [27]. With a fully plug-in solution, coupling performance would
be too low; on the other hand a fully remotely handled solution entails
a heavy payload for the RHS and the need to develop troublesome RF
contacts [28] to connect coaxial feeds.

The antenna is cantilevered and radially movable to adjust its radial
position with respect to the plasma; electromagnetic simulations of its
structure has just begun [29]. As far as materials are concerned, the ref-
erence choice still to be confirmed is to make additively manufactured
straps of CuCrZr, FS bars of Molybdenum-Titanium-Zirconium (TZM),
box of SS 316, and limiters of Tungsten.

4. Conclusions and next steps

The first two transmitters of the ICRF system of DTT are being
procured. They will be fully solid-state amplifiers able to deliver an
output power of 1.2 MW with VSWR of 1.5 for 50 s every hour over the
frequency range from 60 to 90 MHz with no need of mechanical tuning,
which is instead required in tetrode-based cavity amplifiers. Their
broad-band feature will be achieved through a multi-stage combination
of transistors, each one with an output power of around 1 kW.

In parallel, design activities are progressing at a fast pace, mostly
focusing on the antenna and its feeding circuit. The former will be a 3-
strap antenna concept, able to deliver more than 1.5 MW to the plasma
in the DTT single-null scenario according to TOPICA simulations. Its
geometry has been poloidally and toroidally bent, subject to integration
contraints, to match as much as possible the plasma shape. Part of
the antenna will be installed in (and disinstalled from) the tokamak
through the remote-handling system and a preliminary design of both
assembling procedure and antenna gripper have been carried out.
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Advances have been done also with reference to the design of cooling
circuit and the choice of antenna materials that will be mostly made of
stainless steel, CuCrZr, TZM, and tungsten.

Next activities will focus on the antenna-RHS interface, electromag-
netic simulations during disruptions and a more accurate prediction
of heat loads on antenna limiters to help freezing material choice and
manufacturing technologies.
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