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Abstract. The experimental fusion reactor ITER will feature two (or three) heating neutral
beam injectors (NBI) capable of delivering 33(or 50) MW of power into the plasma. A NBI
consists of a plasma source for production of negative ions (extracted negative ion current up to
329A/m2 in H and 285A/m2 in D) then accelerated up to 1 MeV for one hour. The negative
ion beam is neutralized, and the residual ions are electrostatically removed before injection.
The beamline was designed for a beam divergence between 3 and 7mrad.
The ion source in ITER NBIs relies on RF-driven, Inductively-Coupled Plasmas (ICP), based
on the prototypes developed at IPP Garching; RF-driven negative-ion beam sources have never
been employed in fusion devices up to now. The recent results of SPIDER, the full size ITER
NBI ion source operating at NBTF in Consorzio RFX, Padova, measure a beamlet divergence
minimum of 12mrad and highlighted beam spatial non-uniformity. SPIDER results confirmed
the experimental divergence found in smaller prototype sources, which is larger compared
to filament-arc ion sources. Although prototype experiments have shown that the extracted
current requirement can be achieved with minor design improvements, the beamlet divergence
is expected to marginally achieve the design value of 7mrad, which in multi-grid long accelerators
results in unexpected heat loads over the accelerator grids. A contributor to the beam divergence
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is the energy/temperature of the extracted negative ions, so it is believed that plasma differences
between the two source types play a role. Research is focused on the plasma parameters in the
ion source.
One RF driver, identical to the ones used in SPIDER, installed in a relatively small-scale
experimental set-up, inherently more flexible than large devices, is starting operations devoted
to the investigation of the properties of RF-generated plasmas, so as to contribute to the
assessment of negative ion precursors, and of their relationship with the plasma parameters,
particularly when enhancing plasma confinement. The scientific questions, that have arisen from
the preliminary results of SPIDER, guided the design of the test stand, which are described in
this contribution, together with the diagnostic systems and related simulation tools. The test
stand, which shares with the larger experiment all the geometrical features and constraints, will
allow technological developments and optimized engineering solutions related to the ICP design
for the ITER NBIs.

1. Introduction
ITER, the future experimental fusion reactor, requires external heating systems to sustain the
fusion process in the plasma. Two neutral beam injectors (NBI) will provide up to 33 MW to
the fusion plasma. The ITER NBI consists of a negative ion source, from which negative ions
are extracted and accelerated in a multi-aperture multi-grid electrostatic accelerator system up
to a maximum energy of 1MeV. The negative ion beam is then neutralized, and residual ions
are electrostatically removed from the beam. The neutral beam is either injected in the fusion
chamber or dumped onto a calorimeter[1][2][3].
The ITER NBI requirements aim at ensuring beam transmission through the 26m-long beamline.
The single beamlet divergence has to be between 3 and 7mrad and the extracted current density
in hydrogen has to be 329A/m2 for the heating neutral beam (HNB) and 355A/m2 for the
diagnostic neutral beam (DNB). In deuterium, the extracted current density has to be 285A/m2.
The beam is composed of 1280 beamlets and the beam inhomogeneity has to be such that the
current of each beamlet differs from the average by less than ±10%. This requirement is due
to the interplay between beamlet current and beamlet divergence, turning into a poorer beam
transmission and thus higher localized heat loads: this implies a uniform negative ion current
density extracted from a ∼1.6m-high negative ion source plasma.
The negative ion source for NBI is based on the radio frequency (RF) driven, Inductively-
Coupled Plasma (ICP) concept based on the prototypes developed at IPP Garching[4]. Within
the framework of the European roadmap towards the ITER NBI system[5], the Neutral Beam
test Facility (NBTF)[6], includes two large facilities: SPIDER[7], the full size ITER NBI ion
source equipped with a three grid accelerator up to 100keV of beam energy, and MITICA, the
full size ITER NBI prototype.

2. The first operations in SPIDER
SPIDER started operations in 2018 and the first years of operation highlighted strong and weak
points of its original design[8]. Unlike most of the other injectors worldwide, the SPIDER beam
source is in vacuum, as it will be the case for the ITER NBIs. Early operation showed that
vessel pressure below plimit = 40mPa was required to avoid discharges on the back of the RF
drivers, at least in the geometric configuration installed at that time. The installed pumping
speed (about 100m3/s) turned out to be insufficient to such purpose. The SPIDER pumping
system is being improved with the addition of non-evaporable getter (NEG) pumps [9][10].
In the meantime, to allow the experimentation, most of the plasma grid apertures were masked
by a thin molybdenum layer so as to limit the required gas flow to operate the source at 0.3-
0.4 Pa without overcoming plimit[11]. Operation was devoted to characterizing the source plasma
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and the operation of the 4 RF oscillators, each one feeding 2 drivers connected in series. The
design power level of 100 kW/driver could not be reached, and the achieved power was limited
to about 70kW/driver when operating one generator alone and to about 50kW/driver when
operating more than two drivers, because of interference of various resonant circuits [12]. Such
finding led to the choice of substituting the oscillators with solid state amplifiers for the ITER
HNB. Such solution is also being implemented for SPIDER[13].
It is worth mentioning that such system suffers from a limited power coupling efficiency. As a
matter of fact, the power coupled to the plasma is about 40% of the generator output, while
the rest is coupled to passive structures [14][15]. Beam extraction with a limited subset of
aperture permitted to have valuable measurements of beamlet divergence and inhomogeneity
[16, 17, 18, 19, 20]. The accelerator design was found to be robust, but the minimum divergence
(12mrad at about 40 keV beam energy[21]) exceeded the target value for the ITER DNB
(7mrad). This result is believed to be due to a relatively large negative ion temperature, since
numerical models predict a much lower divergence in the absence of perpendicular temperature of
the negative ion [22]. The typical top-bottom current inhomogeneity was detected, together with
a local inhomogeneity on the segment scale. Assuming proportionality between the extracted
current and the RF power, a power of about 105 kW/driver would be needed to reach an
extracted current density of 355A/m2, which is marginal to satisfy the ITER DNB requirements.
This result suggests the need to improve the coupling efficiency and to increase in some way
the plasma density. To the latter purpose, it was proposed to install permanent magnets in the
electromagnetic shield outside the RF driver[23], exploiting a magnetic confinement that could
in principle modify the electron temperature and plasma potential into values more convenient
for extracting a colder negative ion beam.
A preliminary list of the operational and scientific topic, that were identified as key aspects to
study and develop for the engineering and physics improvement of the ion source, are:

• Optimization studies on the RF driver setup (e.g. geometry, power loss).

• Optimization of the plasma expansion from the driver region into the expansion region (e.g.
filter field topology, biased surfaces in the source).

• Improvement of the plasma confinement to increase the plasma density.

• Improved understanding of plasma physics in RF based negative ion sources, through the
development and use of dedicated diagnostics and validation of numerical models.

• Impact of the regeneration phase of the NEG pumps on the ion source operation, relevant
for SPIDER ion source, especially in the presence of caesium in the ion source.

• Plasma ignition phase using RF solid state generators, fundamental to speed up the starting
phase of SPIDER with the new type of RF generators.

To meet these different optimization needs, a dedicated test-bed, named MINION (for
Magnetized ICP for Negative Ion Operation in NBI), was designed and is presently being
realized.
After extensive tests in MINION, the optimized configuration of the magnets surrounding the
RF coil will be installed around the SPIDER drivers.
The design of the MINION experiment is described in section 3.

3. The MINION experiment
The MINION experiment consists of a single RF driver, identical to the SPIDER’s RF drivers,
connected to a plasma box. They are installed inside a vacuum vessel having a cylindrical lateral
wall with hemispherical domes at the top and bottom. The vessel is divided in two halves: the
upper part is supported by a metallic structure, whereas the lower part of the vessel lies on a
movable motorized support, which allows for vertical movements and horizontal movements on
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Figure 1. Schematic of the MINION experiment, with the vacuum vessel in grey and the
plasma source in brown. On the left, the large DN400 diagnostic flange where a manipulator is
mounted. On the right, a vertical section, when the vessel is closed, is shown. In the drawing,
the manipulator is fully inserted in the ion source, the non-evaporable getter pump system is
shown on the top.

tracks on the ground level.
On the lower vessel part, the plasma source (RF driver and plasma box) is placed. This config-
uration is optimal for maintenance of the in-vacuum components, which - being mounted on the
bottom half - becomes directly accessible. The plasma box is 22 cm deep, 57 cm large and the
height is 50 cm. In figure 1, the setup of the vacuum vessel closed and open is shown. On the
right-hand side, a vertical cut is also shown. The vacuum vessel features a large DN 400 flange
and the plasma source is positioned and oriented in the vacuum vessel to face the DN 400 flange,
which holds a horizontal manipulator. The manipulator supports a Langmuir probe, but can be
equipped with different types of diagnostic systems according to the experimental investigations.
The probe tip, installed on the manipulator, can reach the bottom of the RF driver. Similarly
to the PG current in the larger beam sources, the magnetic filter field in MINION is produced
by a current flowing in a 5mm-diameter wire with vertical winding around the ion source (not
shown in figure 1). In order to have a uniform magnetic field intensity on the plasma side of the
grid, the wires are spaced evenly in front of the plasma grid and are about 2 cm apart from the
grid. Alternatively, a pattern of permanent magnets can be used to replicate the magnetic field
structure produced by the PG current. The vacuum and gas injection system consists of two
turbomolecular pumps MAGINTEGRA 1300, two cryogenic pumps COOLVAC 1.500 CL and
a forevacuum screw pump ScrollVac 18 plus. The vacuum vessel can accommodate a metallic
structure holding a set of up to 34 cartridges of non-evaporable getter pumps, as shown in figure
1. A mass flow controller injects hydrogen gas into the plasma source through the back of the
driver, either at the centre (as in SPIDER) or at the edge of the driver or through any position
on the walls of the plasma box. A photo of the vacuum vessel system with some of the plants
installed is shown in figure 2. The cooling circuit is made of three branches: one branch includes
the driver Faraday shield lateral wall and the Faraday shield back plate; one branch includes the
two parts of the electromagnetic shield (EMS) and a ring at the driver exit on the driver back
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plate; the last branch, with a dedicated manifold in vacuum, cools all the walls of the plasma
box. The plasma box has water-cooled copper walls. The vertical source walls and the plasma
facing grid are divided in two parts (top and bottom), by a 2mm gap. All lateral walls can be
independently biased; their insulation is ensured by ceramic breaks installed in every cooling
pipe, and by the insulating support structure of the walls, i.e. ceramic collars and washers.

Figure 2. Picture of the MINION experiment with the vacuum vessel open, and plasma box
mounted on the bottom vessel part. Some features of the vacuum and cooling system are
highlighted.

4. Experimentation with MINION
The MINION experiment, as described above, is now in the final design phase for the water-
cooled plasma box. Start of the operations is planned for the second half of 2024.
In the initial phase, short pulses are planned, i.e. about 10s of plasma every 10 minutes, so
that the water-cooled copper walls are replaced with promptly-machined stainless steel panels,
inertially cooled. These panels are heated by the expansion plasma. On the other hand, the
RF driver components are fully cooled at the nominal parameters, as they are subject to direct
heating by the induced currents and exhibit a much shorter characteristic time with respect to
the aforementioned expansion chamber walls. A reduced number of diagnostics is available on
this temporary source box, namely a pair of accesses for visible cameras and, access along the
axis for the deployment of the movable Langmuir probe. A photo of the plasma box on the
bottom part of the vessel is shown in figure 3.
The first experimentation will be focused on the operation with the EMS, which is installed
around the driver coil and embeds up to 24 rows of magnets[23]. The main scientific topic will
be the plasma properties in the RF driver and a first estimation of the coupling efficiency, the
diagnostics used in the first operational phase are optical emission spectroscopy along two lines of
sight at the edge and at the centre of the driver, a Langmuir probe mounted on the manipulator
measuring along the driver axis and through the entire expansion region and optionally a fixed
Langmuir probe at the centre of the driver region. The cooling water of the driver components
will be monitored with thermocouples installed on each cooling pipe. The RF coil current and
voltage will be measured. If possible, the plasma properties in the driver region will be compared
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among different driver configurations: with EMS with 12 cusp magnets installed, with EMS with
24 cusp magnets, with EMS but without magnets. Additionally, fundamental studies will be
carried out, to characterize the plasma properties in the absence of filter field, thus providing
benchmark results for numerical codes in axisymmetric conditions[24].

Figure 3. Front and back view of the fast track version of MINION. The RF driver part is
identical to SPIDER, whereas the plasma box features a reduced amount of apertures; permanent
magnets are used to produce the filter field.

5. Conclusions
Research and development activities on the ITER NBI ion source and test on the operational
scenario including the technological advancements foreseen at NBTF are necessary to assess the
sustainability and reliability of ITER NBI system. The MINION experiment, described herein,
will be a testbed to learn faster and assist the NBTF activities and to improve and deepen the
understanding of RF-driven ion sources through the comparison with modelling.
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