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Abstract

Heating neutral beam (HNB) injectors, necessary to achieve burning conditions and to control plasma instabilities in
ITER, are characterized by such demanding parameters that a neutral beam test facility (NBTF) dedicated to their
development and optimization is being realized in Padua (Italy) with direct contributions from the Italian government
(through Consorzio RFX as the host entity) and the ITER international organization (with kind contributions from the
ITER domestic agencies of Europe, Japan and India) and technical and scientific support from various European
laboratories and universities. The NBTF hosts two experiments: SPIDER, devoted to ion source optimization for the
required source performance, and MITICA, the full-size prototype of the ITER HNB, with an ion source identical to
SPIDER.

This paper gives an overview of the progress towards NBTF realization, with particular emphasis on issues discovered
during this phase of activity and on solutions adopted to minimize the impact on the schedule and maintain the goals of the
facilities. The realization of MITICA is well advanced; operation is expected to start in 2023 due to the long procurement
time of the in-vessel mechanical components. The beam source power supplies, operating at 1 MV, are in an advanced
phase of realization; all high-voltage components have been installed and the complex insulation test phase began in 2018.
At the same time, construction and installation of SPIDER plant systems was successfully completed with their integration

into the facility. The mechanical components of the SPIDER ion source were installed inside the vessel and connected to
the plants. Integrated commissioning with the control, protection and safety systems ended positively and the first
experimental phase has begun. The first results of the SPIDER experiment, with data from operational diagnostics, and the
plans for the 1 MV insulation tests on the MITICA high-voltage components are presented.

Keywords: ITER, neutral beam injector, PRIMA: the ITER neutral beam test facility (NBTF), SPIDER

1. Introduction

The ITER heating neutral beam (HNB) injectors, one of the
tools necessary for both the achievement of burning condi-
tions and the control of plasma instabilities [1], are char-
acterized by demanding parameters that have never been
simultaneously achieved experimentally, such as 1 MeV
particle energy, 40 A beam current over an extraction area
of 0.2 m? and long pulse operation up to 3600s [2]. The
development and optimization of a HNB injector capable of
such performance called for the construction of a dedicated
test facility [3]. This neutral beam test facility (NBTF) [4]
is in an advanced state of realization in Padua (Italy), with
direct contributions from the Italian government, through
Consorzio RFX as the host entity, the ITER organization
(I0), in-kind contributions from European, Japanese and
Indian domestic agencies (DAs) and the technical and sci-
entific support of various European laboratories and univer-
sities. The NBTF hosts two experiments, SPIDER [5] and
MITICA [6]. The former is devoted to the optimization of the
HNB and diagnostic neutral beam (DNB) ion sources and to
the achievement of the required source performances. Both

are based on the RF negative ion source concept developed
at IPP (Garching) [7]. MITICA is the full size prototype of
the ITER HNB, with an ion source design close to that used
in SPIDER, but with modifications in view of its integration
with the 1 MV accelerator. Development of SPIDER and
MITICA is progressing in parallel. Realization and commis-
sioning of SPIDER have been successfully completed and
the first experimental phase has begun. During the installa-
tion of the components some issues were identified and are
being thoroughly analyzed. Since the first operation is at low
power and for a short duration, those problems which are not
critical for the experiments in the near term are deferred to
subsequent shut-downs. In this way a robust and scientifically
meaningful experimental program can be carried out for the
first months alongside a stepladder approach towards full per-
formance capability while meeting the required operational
parameters in each experimental phase. The MITICA project
is also at a well-advanced stage of realization, although
completion of the system and its entry into operation is not
expected until 2023 due to the long procurement time of the
in-vessel mechanical components. The power supply (PS)
systems of MITICA, designed to operate at 1 MV, are in
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an advanced phase of realization, all the high-voltage (HV)
components have been installed and the complex insulation
test phase began in 2018.

The present paper gives an overview of the progress of the
NBTF development with particular emphasis on issues that
emerged during this phase of activity and to the solutions
adopted to minimize the impact on the schedule and main-
tain the goals of the facilities. Finally, the first results of the
SPIDER experiment and of the 1 MV insulation tests on the
MITICA HV components will be presented.

2. SPIDER

SPIDER is the prototype of the negative ion source for the
HNB. The RF source design was based on the R&D devel-
oped at IPP in the past years [7], with specific improve-
ments to achieve long-duration pulses on a full ITER-size ion
source, in a vacuum environment and with optimized beamlet
optics. The main requirements for SPIDER are reported in
table 1. The beam optics will be investigated and compared
with numerical models both in terms of beamlet divergence
and beam aiming, and of different methods for negative ion
steering [8]. The SPIDER experiment will also confirm the
design of the 800 kW inductive plasma source and the cooling
efficiency of the ion source and extractor, which are the same
as for MITICA. As SPIDER operation started in 2018, it will
provide timely confirmation of the design of the ion source
and extractor during the manufacturing of the MITICA beam
source.

2.1. Power supply and auxiliary systems

The period from 2015 to 2017 saw a number of activities related
to system realization processes, i.e. acceptance tests and inte-
gration of the components into the whole system. Interface
management was challenging in this phase. The objective was
to complete PSs and auxiliaries before commencing com-
missioning and the experimental activities scheduled for the
beginning of 2018. The ion source and extractor power sup-
plies (ISEPS) include the RF generators feeding the RF coils
around the drivers, the extraction grid HV generator and other
secondary PSs for pre-ionization filaments, magnetic fi lter,
etc; they are installed inside a Faraday cage (high-voltage
deck, HVD) and powered via an insulation transformer. The
ISEPS, HVD and the transmission line (TL) connecting the
HVD to a vacuum vessel (VV) were completed, tested and
accepted in 2016. Subsequently, they were commissioned and
integrated with the control system (CODAS) and Interlock on
dummy loads and made ready for use in the experiment [9].
Similarly, a gas and vacuum plant and cooling plant were
installed and commissioned by 2017. Unfortunately, due to an
accident that occurred at the end of 2017, part of the cooling
system was flooded and partially damaged. A temporary
solution was soon identified and implemented allowing the
experiment to start, albeit with reduced performance. Indeed
preliminary studies showed that this solution allowed the first

Table 1. Spider requirements.

H, D,

Beam energy (keV) 100 100
Maximum beam source pressure (Pa) 0.3 0.3

Maximum deviation from uniformity (%) +10 +10

Extracted current density (A m~?) >355 >285

Beam-on time (s) 3600 3600
<0.5 <1

Co-extracted electron fraction (ﬁ—:) R (B—:)

Figure 1. SPIDER accelerator power supplies: left, dummy load;
right, insulating frames with pulse step modulator modules.

experimental campaigns to be carried out, including beam
extraction for tens of seconds, without limitations, and to
carry out in parallel recovery activities of the damaged parts.

Some difficulties were found during the installation of the
accelerator PSs (AGPS) (see figure 1), which led to a delay
in the availability of the system, as well as additional unex-
pected problems with proper integration of the system with
the buildings and the adaptations necessary to meet the safety
requirements prescribed by Italian laws. In particular, provi-
sions had been made to achieve the required fire segregation
capability of the wall facing the outdoor oil transformers,
complicated by the presence of many resin feedthroughs
crossed by HV cables. Subsequently, site acceptance tests
of the AGPS were successfully carried out, and in very lim-
ited time, demonstrating the full performance of the system,
thanks to the debugging previously carried out on an identical
prototype available at the premises of the Indian DA [10].
Also in this case, the presence of a delay in the availability
of the PS system did not affect the initial phases of SPIDER
experimental activity since acceleration of the beam was not
required. Integration of the AGPS with the whole system was
performed in the first quarter of 2019.

2.2. The beam source (BS) and the overall commissioning

Given the complexity of the system, the realization of the ion
source, which is the core of the SPIDER experiment, required
great effort and continuous monitoring by the companies
involved and by the expert supervisors. Many technical issues
were encountered during the manufacturing and assembly of
components [11], for example the surface conditions of the
cooling circuit elements, which degraded the quality of the



cooling water in terms of electrical conductivity, and the pol-
luted/oxidized internal surfaces of the source, which are pro-
vided with a molybdenum layer to reduce the sputtering yield
of surface material during cesium operation. Each of these
problems was analyzed in detail by applying multidisciplinary
competencies; despite efforts to implement all individual cor-
rective actions, the issues were eventually addressed resulting
in a delay to the conclusion of the procurement while still
leaving a few points open, like a leak on a grounded grid seg-
ment which would have required a significant time to recover.
Pre-assembly activities were completed in the first half of
2017, immediately followed by factory acceptance tests.
During the realization, some modifications were also imple-
mented, taking into account recent results obtained in other
accompanying experiments, such as decoupling the eight RF
drivers by electromagnetic shields, derived from experience
in the ELISE facility. Some novel concepts of the SPIDER
design were validated in parallel in existing experiments, such
as the magnetic compensation of electron and ion trajectories,
tested at QST in Japan [12].

The BS was delivered to the NBTF premises by the end of
October 2017. Visual inspections and on-site tests were car-
ried out before installation into the vessel. To this end, a series
of tools were set up, such as a Class 8 cleanroom; a dedicated
scaffolding was realized and installed inside the vessel to
allow easy access to all parts of the BS during the installation
and the first commissioning phase. The precise mechanical
alignment of accelerator grid apertures was finally achieved:
deviations of a maximum +0.2mm for the relative off-axis
position of corresponding apertures on different grids were
measured again on site [11], in line with the design require-
ments. The source was installed in the vessel in the first quarter
of 2018 (figure 2), thus complying with the ITER milestone
and allowing the start of experiments. The needs for correc-
tions and improvements, identified during these phases, for
example a leaky Grounded Grid (GG) segment (already under
procurement), the incorrect assembly of a group of permanent
magnets and enhancement of the electrical connections of the
drivers as a consequence of results obtained in ELISE [13]
and HVRFTF [14], together with simulations carried out at
Consorzio RFX [15], will be addressed in the major shutdown
scheduled for 2019 (see section 2.4). Quartz driver cases are
under consideration to replace the current alumina, and optim-
ized Vespel® combs holding the RF coils detached from the
insulating cases are being developed in order to minimize the
electrical field intensity in this critical area.

2.3. Diagnostics ready for the first operation

All SPIDER diagnostic systems have been developed within
a common procurement program well integrated with the
overall experimental schedule [16]. Acquisition of key diag-
nostic components for the BS was completed in due time,
allowing a logical integration of their assembly with those of
the other SPIDER systems, in particular with the installation
of the BS and with integrated commissioning of the CODAS
dedicated to diagnostics. Installation and integration of beam

Figure 2. Left: Insertion of the SPIDER beam source inside the
vacuum vessel by a handling tool; right, SPIDER beam source
inside the vacuum vessel.

Figure 3. Horizontal cross section of the SPIDER beam source
with lines of sight of emission spectroscopy, looking through
each driver perpendicularly to the grids with: (A) light collection
in a vacuum to photodiodes; (B) outside the vacuum vessel to
spectrometers; (C) parallel to the grids to spectrometers.

diagnostics has been postponed to the beam extraction exper-
imental phase so as not to overload the tight schedule for
preparation of the initial source experiments. An initial set
of diagnostics was operating during the first plasma experi-
ments, with two purposes: on the one hand to complete their
integration within the automated pulse procedure, to tune the
setting up by optimizing the measured signals, to characterize
the RF-induced noise and to investigate mitigation actions
for issues; on the other hand to simultaneously provide infor-
mation essential to steer the source operation, allowing us
to understand the effects of the available parameters. High-
resolution (2 megapixel) CMOS visible cameras with a high
dynamic range (70 dB) look at the back and the sides of the
source through viewports on the VV. Cameras proved essen-
tial for following and identifying the spatial distribution of
undesired plasma discharges occurring outside the source
case, in between source components and between the source
and VV (see section 2.4). Several lines of sight sample the
visible radiation emitted by the plasma, perpendicularly to
the grids, through the drivers and parallel to the grid in the
expansion and extraction regions (figure 3). Imaging grating
spectrometers measure, along about 30 lines of sight distrib-
uted over the source and aligned perpendicular and parallel
to the grids, either the full 300-900 nm spectrum with low



resolution (for Balmer hydrogen lines and identification o f
undesired pollutants such as metals or water-related com-
pounds) or narrower bands with high resolution (Fulcher
molecular hydrogen lines). These absolutely calibrated
line intensities are being analyzed to derive the degree of
hydrogen dissociation and electron temperature and density.
However, they are immediately useful to depict trends in time
and spatial distribution of plasma emissivity and to under-
stand how they scale with operational parameters such as RF
power, gas pressure or magnetic filter field (see section 2.4).
While spectrometers acquire spectra with a sampling rate of
a few Hz, faster single-channel detectors based on silicon
photodiodes and low-noise amplifiers w ith p rogrammable
gain measure the light intensity through the eight RF drivers
at 100 kSamples s~! [17] using collimating lenses and fibers
installed in a vacuum on the driver back plate. These detectors
follow in finer detail the time evo lition of plasma formation
in the drivers and even the fast dynamics accompanying the
external plasma discharges. So far thermocouples are mea-
suring a small temperature increase after each plasma shot
because of the short duration and low RF power; significant
RF-induced noise still prevents their use during the pulse,
but mitigation actions are under investigation. Electrostatic
probes have been fully integrated and will be the next diag-
nostic to start operation, while the other source diagnostics,
cavity ring down spectroscopy and laser absorption, will be
installed and integrated at a later stage.

2.4. The SPIDER experiments: first results and issues

After the integrated commissioning of plants and control
systems [9] SPIDER operation started in mid-May 2018
with a preliminary characterization of gas pressure and
pre-ionization filament circuits [18], namely the parameters
that have the greatest effect on the formation of the plasma
and the evolution of the beam [19]. Finally, plasma igni-
tion was also characterized [18]. A numerical model was set
up to interpret the transient behavior of the gas considering
long inlet pipes and grid conductance. In steady state a cali-
bration of the source pressure relative to the vessel pressure
was performed; a factor of four was found, as expected from
numerical simulations [20]. The electron current emitted by
the pre-ionization filaments was measured in different condi-
tions as a function of the heating current, also with the aim of
inserting suitable protection resistors in the heating circuit to
extend the filament lifetime, but producing an electron current
sufficient for plasma ignition of a few mA per filament. The
ignition procedure used by IPP for the ELISE device [21] was
adopted when powering single SPIDER generators (corre-
sponding to pairs of drivers in the same row), with some adap-
tations to the specific experimental constraints encountered
in SPIDER. After reaching the required pressure for ignition,
the RF power was ramped up to the desired value; during the
increase of the RF power, the plasma generally ignites with
a source pressure >0.2 Pa and a ramping rate of RF power

of 1-2.5 kW s~!. The magnetic filter field is required during
the plasma ignition phase for single-generator operation, but it
can be zero when two generators are employed, even when the
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Figure 4. Scan of filter field current and bias plate voltage (top); Hg
line intensity through the drivers (bottom; see text for symbols).

corresponding pairs of drivers are not neighboring, and pos-
sibly the plasmas they produce do not overlap significantly.

The SPIDER control system allows programming of the
waveforms of the various PSs. Thus complete parameter
scans can be performed within single pulses. As an example,
figure 4 shows a scan in the magnetic filter field; during the
first SPIDER experiments, scans were also performed of the
RF power and of the source pressure [18, 22]. Indeed, plasma
light and spectroscopy signals show a dependence on these
parameters: upon increasing the magnetic filter field, the Hpg
Balmer lines integrated through the operating RF drivers (con-
tinuous and dashed blue curves in figure 4) exhibit a depend-
ence (although a non-monotonic one). In the same figure the
decay of the bias plate voltage indicates that the plasma in the
vicinity of the bias plate becomes weaker as the magnetic field
current increases, except for the smallest magnetic field values.

The data of figure 4 refer to a case in which only two drivers
out of eight were operated; in these conditions, the signals
of the Hg Balmer lines integrated through non-operating RF
drivers (red and cyan curves) are much weaker, although not
zero: this might indicate that some plasma expansion occurs
out of the operating RF drivers. Figure 5 shows the Hj emis-
sion integrated through one of the RF drivers when either all
RF generators were operating or when only the RF generator
corresponding to the driver was operating. The dependence on
the RF power is similar in the two cases, but the values almost
double when all RF generators are on.

Also the plasma light collected through the drivers exhibits
some non-monotonic dependence on the magnetic filter field
(figure 6). However, the clearest dependence is on the RF
power (possibly corresponding to an increase in electrons
and hydrogen atoms). This is confirmed by figure 7, which
also shows that a two-fold increase in the plasma light can be
obtained by increasing the RF power but also the source pres-
sure. The plasma light and the intensity of the Hg hydrogen
line of the Balmer series exhibit some left-right asymmetry
(see continuous and dashed blue curves in figure 4 for the Hg
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Balmer line), which seems to decrease with both increasing
pressure and RF power and apparently increases with the
magnetic filter field. The reasons for such possible plasma
drift are under investigation.

The first SPIDER operations evidenced some issues. A
short circuit between the plasma grid and source body was
eliminated. Plasma discharges occurred outside the plasma
chamber. Correspondingly, the filament bias PS was subjected
to over-voltages so that protections had to be strengthened.
Direct inspection showed signs of electrical discharges inside
the VV, as on the busbars of the RF circuits, on the filament
supports and on the internal surface of the VV. These dis-
charges are peculiar to SPIDER, where the entire beam source,
including the HV grids, lies inside a VV, namely at low gas
pressure. A thorough investigation of the conditions of occur-
rence of the rear discharges is in progress using fast cameras
(to follow the path of individual arcs across the source) and is
aimed at identifying the vessel pressure range in which these
discharges can be avoided. Subsequently, the necessary meas-
ures will be implemented to guarantee that SPIDER will be
operated in the proper vessel pressure range.

Figure 8 shows SPIDER operations and planning for
2018 and 2019. After the characterization of the ion source
and the integration of the accelerator grid PS, the extractor
and accelerator entered into operation in the second quarter
2019. At the beginning of 2019 the cesium ovens were tested
in the cesium test stand (CATS) [23], a small facility dedi-
cated to the characterization of the cesium emitted from the
oven nozzles, and in autumn 2019 they will be installed in
SPIDER, producing an expected increase in the negative ion
current. Experimentation with the beam will continue until
the start of a major shutdown devoted to substitution of the
insulator inside RF coil [15], based on the most recent indi-
cations originating from numerical optimizations and from
the ELISE experiment performed during the assembly phase
of the SPIDER source. Further reasons for the shutdown are
the resolution of some non-conformities in SPIDER source
manufacturing (i.e. a leak in one of the sectors of the grounded
grid) and other improvements to the device suggested by the
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Figure 9. MITICA vacuum vessel support structure and high-
voltage bushing support structure as finally assembled inside the
MITICA neutron shield.

experiment. After the shutdown SPIDER operation will restart
and will be devoted to increasing the beam performance.

3. MITICA

3.1 General progress

The design phase of MITICA was completed in 2016 and all
calls for tender were launched. Common plant systems for
SPIDER and MITICA, such as a MV power grid, cooling
plant and gas injection and vacuum system, are in a very
advanced stage of realization, installation or commissioning.
The PS systems are all in an advanced phase of realization or
already completed and installed; the same applies to the cryo-
genic plant. Procurement contracts for the BS and cryopumps
were assigned, while the first phase of the process for the pro-
curement of the beam line components (revision of the design
including realization of prototypes by potential suppliers) is
nearing completion and will be followed by a mini-competition
among the three bidders for supplier selection.

Although the delivery of MITICA VVs was delayed by
some major technical issues encountered during contract exe-
cution, a robust corrective action plan was developed to ensure
the realization of a technical solution, which is being imple-
mented and closely monitored. Moreover, the support struc-
ture of the VV and the vertical mechanical support structure
of the HV bushing (HVB) (see figure 9) have been installed in
order to reduce the duration of the installation of the HVB and
of the connection of the TL once the V'V is installed. Accurate
metrology and a careful installation procedure allowed the
successful execution of a static test using the HVB itself.

The most critical procurement is the BS [24], from the
point of view of both technological complexity and delivery
time. In fact, the BS includes the accelerator, consisting of a
system of seven parallel grids each featuring 1280 apertures
that must be aligned within tolerances of 0.3-0.4mm. Grid
deformations must be compatible with such tolerances even

Pumping surface:
2 times $m * 2.3m = 36.8 m*

Figure 10. View of the cryopumps inside the MITICA beam line
vessel (left) and with the beam line components (right).

Figure 11. View of the on-going assembly of MITICA cryogenic
plant—auxiliary cold box (left) and piping layout inside the
building for auxiliaries (right).

in the presence of ion-beam-induced thermal loads as high as
1.5 MW per grid. The manufacturing process of the grids is
very complex and long and dictates the supply time of the
entire BS. The supply contract has just been awarded; the BS
is expected to be completed and delivered by the end of 2022,
allowing the start of MITICA experiments by mid 2023.

3.2. The MITICA cryogenic system

Two large cryopumps will be installed inside the MITICA
beam line vessel (BLV) to guarantee proper vacuum condi-
tions inside the vessel during MITICA operation (figure 10).
The cryopumps are based on adsorption pumping by charcoal-
coated cryopanels (CP); they are 8 m long, 2.8 m high and
0.45 m deep and operated between 4.5K and 400K. These
CPs are surrounded by a thermal radiation shield (TRS) oper-
ated between 80K and 400K. The CPs will be at the lower
temperatures during normal operations and at 100K or 400K
during the periodic pump regenerations necessary to remove
the adsorbed gas (H, or D,) from the CPs. The pumping
speeds estimated for the two pumps operating in parallel are
5000 m?® s~! for H, and 3800 m? s~! for D,.

The MITICA cryogenic plant is designed to manage the
expected heat loads in a pulse-on scenario: 800 W on the CP
assembly (by producing supercritical helium at 4.6K) and
17.4 kW on the TRS assembly (by gaseous helium at 81K).
The same plant shall also manage the regeneration of cry-
opumps at different temperatures. The procurement contract
for the MITICA cryogenic plant was launched in September
2016; at present the on-site installation activities are in pro-
gress (figure 11) and the completion of acceptance tests on-
site is foreseen by the end of 2019. The procurement contract



Figure 12. Three-dimensional view of MITICA power supply
system. The high-voltage components provided by JADA are in
blue. All other components included in the vacuum vessel are
procured by F4E.
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Figure 13. MITICA high-voltage test, first step: 1200kV for 1h.

for MITICA cryopumps began in May 2018 and delivery to
NBTF site is foreseen by the end of 2020.

3.3. The power supplies

The MITICA PS system is very complex, and is based on
the same conceptual scheme as applied to SPIDER [25]. The
system is provided with contributions from both European
and Japanese industries. Figure 12 shows a 3D model of this
system which includes a HV TL (over 100 m long) and also
requires a HV hall to host a 1 MV Faraday cage (HVDI) con-
taining the MITICA ISEPS. The operating voltage, 1 MV,
necessary for the accelerator requires remarkable techno-
logical developments at the cutting edge of present-day tech-
nologies. The realization is well advanced; some PS systems
provided by F4E, such as the AGPS conversion system and
HVDI, have already been installed and tested; other PSs were
tested at the factory and installed by the end of 2018. As for
the Japanese HV components, shown in blue in figure 9, the
installation began at the end of 2015 and continued over the
following 2 years. Unfortunately, the delay in the delivery
of the VV has prevented the installation of the HVB and the

High Voltage Bushing
HVB

Beam Source Vessel

BSV (anode)
>
Mock-up of
Beam Source
Mock-up of MBS (cathode)
intermediate
Electrostatic
Shield MES Additional Flat Anode
\ AFA

Figure 14. Sketch of the experimental setup for the high-voltage
tests in the MITICA vessel, showing a mock-up of the beam source
(MBS), a mock-up of the intermediate electrostatic shield (MES),
the additional flat anode (AFA) and the beam source vessel (BSV).
The beam line vessel is not shown.

connection of the TL to the HVB. To limit the impact of the
unavailability of the MITICA VV on completion and power
tests of the PSs, an alternative plan was adopted. In particular,
a special cap was procured and installed at the end of the TL
in correspondence to the not yet installed HVB, thus allowing
the TL to be filled with the SF¢ insulating gas to carry out the
HV insulation tests. An additional insulation test will be done
after completing the installation of the VV to check the HV
electrical insulation of the last part of the line and of the HVB.

3.3.1. HVinsulating tests. The commissioning and integrated
power test activities will require a period of about 2 years due
to the complexity of the PS system itself and because the dif-
ferent systems are under different responsibilities (10, F4E,
JADA and NBTF teams). The HV components must be indi-
vidually subjected to insulation tests before being connected
to the PSs. Different HV components provided by JADA
and F4E are to be connected to each other. The HV tests will
have to be repeated up to five times as the various parts of
the system are added one by one. Furthermore, it is necessary
to completely evacuate the gas-insulated components and to
ventilate them with air to guarantee safe access for the opera-
tors. Then the reverse operations shall be performed and the
gas re-injected. Such procedures will require several months
and can only take place in series, therefore any delays in one
of these activities would result in a progressive delay of the
availability of the PSs; moreover delay of the activities under
responsibility of one DA can impact the activities under other
DAs or parties. In July 2018, all the activities of installation
and preliminary verifications of JADA HV components were
completed. During the same period, the SFq gas handling and
storage plant was made available by FAE, including the storage
of approximately 35 tons of SFg gas. The first filling operation
of the components with SFg was made, after a preliminary test
in which the components were filled with nitrogen in order
to avoid risks of release of SF¢ in the environment in case
of faults of some components. At the beginning of Septem-
ber 2018 the first insulation test was performed to verify the
voltage holding of the AGPS direct current generator (DCG)
components: step-up transformers, diode rectifiers, DC filters.
Two different tests, agreed upon among parties, simulate the
operating conditions of the system: 1.2 MV dc for 1h; 1.06



MYV for 5h followed by 5 quick sawteeth up to 1.2 MV [26].
The tests were positively passed by the system. After having
reconfigured the internal connections to the line, the 1.2 MV
voltage test was repeated in November 2018 in order to test
the HV TL. Both batches of HV tests have been passed posi-
tively, without any inconvenience, allowing another important
milestone on the road of the NBTF project to be reached. Fig-
ure 13 shows the voltage profiles measured by the HV trans-
ducers on the stages of AGPS DCG system during the 1.2 MV
voltage test of the DCG system. Now the system is being set
up to test the air-insulated components: HVD1 and the insu-
lating transformer. A special piece connecting TL and HVD1
HVB was installed, and all the other activities necessary to
prepare this test, which is particularly critical due to the pres-
ence of the air insulation, are well advanced. These additional
insulation tests were started in March 2019 but due to par-
tial discharges, they were interrupted at 900kV. Subsequently,
while waiting for the introduction of improved solutions and
in order to limit the impact on the overall schedule, we pro-
ceeded with the installation of the VV and the HVB. Now, the
isolation tests are expected to resume in the beginning of July
2019, thus limiting the additional delay to a few weeks.

3.4. Tests of high-voltage-holding capability in a vacuum

The voltage-holding capability of the 1 MV insulation between
the BS and the VV in MITICA is still a very challenging issue
which could not be fully addressed on the basis of the theor-
etical models and experimental results available in literature so
far. The acceptance tests of the MITICA HVB carried out by
QST at Hitachi in 2016 [27] showed that the voltage holding
of a single gap (about 1 m between an electrode at —1 MV
and ground) in high vacuum might already be critical at about
700KkV, but also indicated that the introduction of intermediate
shields can greatly improve the voltage holding of the insula-
tion, up to a limit of about 1.3 MV. As a consequence of these
findings, additional effort was devoted to the refinement of
theoretical prediction models [29] and to experimental invest-
igations of solutions for improvement in a dedicated 800kV
HV test facility [28]. At the same time, as a possible risk-
reduction measure for reliable operation of MITICA at 1 MV,
an intermediate electrostatic shield between the BS (cathode)
and the vessel (anode) was proposed. However, due to the
unavoidable neutral gas flow exiting the plasma chamber,
the intermediate electrostatic shield could also increase the
‘vacuum’ pressure in the volume around the BS and thus could
move the points corresponding to the operating condition
(pressure—distance) of the insulating gaps towards or beyond
the left branch of the Paschen gas breakdown curve. With this
in mind, an experimental campaign on full-scale electrodes
at full-voltage in both high vacuum and low-pressure gas is
deemed necessary to validate and optimize the performance
of the MITICA insulation. This campaign will be carried out
just after the assembly of the MITICA vessel at the NBTF site,
before the installation of the MITICA BS, so as to avoid any
delay in the schedule for NBTF completion. A very simple
configuration with a mock-up of the BS (cathode) and a flat
movable electrode (anode) will be used in a first phase (figure

14). In a second phase, a mock-up of the electrostatic shield,
with holes for gas flow, can be introduced in the test set-up. In
areasonable time (of the order of some months), this approach
is expected to provide reliable data on voltage holding with
large electrodes, under realistic conditions, up to more than 1
MYV, in both vacuum and low-pressure gas, with and without
an intermediate shield. The results will allow us to confirm the
present design of the MITICA BS insulation or to design an
intermediate electrostatic shield if necessary for the operation
at 1 MV.

4. Summary

Realization of the NBTF is progressing well thanks to the
commitment of all the participants in the project. Although
some components of the PS and of the cooling system are
still unavailable, SPIDER has entered into operation and is
providing the first data on the source plasma. This corre-
sponds to the attainment of an important ITER milestone: as
the NBTF is part of the ITER project it also represents the
start of experimentation for the first part of ITER. During a
long shutdown scheduled to start at the end of 2019 a leaking
grid segment will be substituted, the RF drivers will be modi-
fied, according to recent numerical and experimental results
and other interventions will be performed as indicated by the
experimentation. All MITICA auxiliaries are being installed
or commissioned; most of the PSs were installed at the begin-
ning of 2019. Despite a significant delay in the delivery of
the VV, the insulation tests for the HV components are in
progress according to an alternative plan, allowing us to par-
tially recover the delay. In particular, the test up to 1.2 MV
of the AGPS DCG and TL was successfully passed, reaching
another goal on the NBTF roadmap. According to current
planning, MITICA PS will be integrated in 2020 whereas the
mechanical components will be installed inside the VV in
2022. Nevertheless, in the meantime the MITICA plant can
be used for HV holding tests in a vacuum, one of the most
important issues for MITICA operation.
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