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The main purpose of the Divertor Tokamak Test facility (DTT) [1], whose construction is starting in Frascati,
Italy, is to study solutions to mitigate the issue of power exhaust in conditions relevant for ITER and DEMO. DTT
will be equipped with a significant amount of auxiliary heating power (45 MW) to reach Psgp/R = 15 MW m™!
required to be DEMO-relevant [2]. DDT is characterized by high flexibility for the assembling and testing of
divertor components and for the different magnetic configurations to address the integrated physics and technol-
ogy problems. The current conceptual design of the beamline for the DTT Neutral Beam Heating system is here
presented, with a particular focus on the effect on the DTT plasma and on the technical solutions adopted to max-
imize the RAMI indexes (Reliability, Availability, Maintainability and Inspectability) and minimize complexity
and costs. Various design options were considered, and a comprehensive set of simulations was carried out using
several physics and engineering codes to drive the choice of the most suitable design options and optimize them,
aiming at finding a good compromise among different requirements. This paper describes the design of the main
components of the DTT NBI beamline, explaining the motivations for the main design choices.
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1. Introduction

The Divertor Tokamak Test facility (DTT) aims at
exploring alternative power exhaust solutions for the ma-
chines that will follow ITER [3,4], in particular the demon-
strative power plant DEMO that is currently in the pre-
conceptual design phase [5]. Namely, the principal ob-
jective of DTT is to mitigate the risk of a difficult ex-
trapolation to a fusion reactor of the conventional diver-
tor based on detached conditions, under test for ITER. The
task, including several issues, has the main target to study
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the completely integrated (physics-technology and bulk-
edge) power exhaust problems and to demonstrate how
the possible implemented solutions (e.g., advanced diver-
tor configurations or liquid metals) can be integrated in
the DEMO device and other fusion reactors. DTT trans-
port analysis and energetic particles studies have shown
that a neutral beam with 510keV and 10 MW injected to
the plasma, compared to the previous solution with two
beams of 400keV, 7.5 MW each [6, 7], allows for signifi-
cant improvements regarding plasma energy transport and
fast particles dynamics, including the possibility of inves-
tigating fast ion physics in super-alfvenic scenarios.

© 2021 The Japan Society of Plasma
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2. Effects of the NBI on the Plasma

METIS fast tokamak simulator [8] has been used to
simulate DTT reference single null plasma scenario, in-
cluding the single, high energy injector option with an in-
jection angle of 35° (equivalent to a tangency radius of
1.91m). Plasma heating for 500keV option is shown in
Fig. 1 (a), including the ratio to electron and ions. METIS
simulations supported the current choice of NBI parame-
ters, in terms of central heating requirement, and avoid-
ance of large shine-through losses for the reference, high-
density plasma scenario. In Fig.1(b), we compared the
current NBI setting with lower energy and power options.
Due to design flexibility, reduced energy and power NBI
is possible for DTT, being this relevant for lower density
plasma scenarios. The tangential injection allows also cur-
rent drive, as shown in Fig. 1 (¢).

Fast ion first-orbit losses and orbit losses due to mag-
netic field ripple have been estimated with ORBIT code
[9]. Initial 3D ion positions have been calculated via the
code TRANSP [10] considering the reference single null
scenario, and given as input to ORBIT. By plotting the
fast particle loss times (in toroidal transits 7') as a function
of pitch A = v /v, one can easily recognize prompt losses
(loss times < 107T) and resonant losses (loss times > 107T):
this is shown in Fig. 1 (d). Resonant losses are present only
when ripple is switched on, and have a characteristic, dis-
tinct value of pitch 4 ~ 0.65: this behaviour is consistent
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Fig. 1 Main physics parameters leading the design, evaluated
using the METIS and ORBIT codes: (a) heating to the
ions and electrons of the plasma; (b) plasma heating by
the NBI as a function of beam energy and power; (c) cur-
rent drive by the NBI as a function of beam energy and
power; (d) toroidal turns travelled by the particles before
being lost, as a function of the pitch parameter A (prompt
losses are zero while resonant losses are 0.11%).

with the theory of ripple-precession resonance [11]. All
losses are anyway found to be very small: prompt losses
are zero, due to the fact that the beam is well aligned at
6 = 0, while ripple (resonant) losses are only 0.11%. With
respect to previous estimates [7], ripple losses are simi-
lar (0.15% in the old runs), while prompt losses pass from
3.85% to zero. This might be due to the fact that initial po-
sitions were calculated with METIS in 1D, and the angular
positions were extrapolated from similar runs on ASDEX-
Upgrade [12]. The use of a full, 3D set of initial positions
with TRANSP allows for a much more reliable calcula-
tion of prompt losses, showing at the same time that ripple-
resonant losses are instead dependent mostly on the radial
position of injected particles.

3. Main Design Features

An overall view of the current conceptual design of
the injector is given in Fig. 2 (a). As for the NBIs of JT60
[13] and LHD [14], a design with an air-insulated beam
source is adopted. This solution was selected because it
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Fig.2 Conceptual design of the beamline for DTT NBI: (a)
overall view; (b) Beam source section view; (c) accel-
erator section view.
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maximizes the Reliability and Availability indexes, by im-
proving the beam source accessibility and by avoiding the
need of a single large bushing to connect the Transmission
Line to the vacuum vessel. A drawback of this solution is
the required clearance between the ion source and the sur-
rounding building structures (at least 2.5 m with 510kV, to
avoid electrical discharges). The DTT design differs from
the Japanese scheme in the choice of the ion source: in
fact, as shown in Fig. 2 (b) it is proposed to use the same
Radio Frequency source concept adopted for ITER, devel-
oped by IPP Garching [15]. The Beam Line Components
(BLC), i.e. the Neutralizer, the Residual Ion Dump (RID)
and the Calorimeter, will be ITER-like too, while the vac-
uum vessel will be without large flanges (differently from
ITER) to reduce cost and weight. Only small flanges are
foreseen on the vessel for pumping, diagnostics and BLC
supplies (cooling water for all BLCs, D, gas for neutralizer
and electric bias for RID), while the BLC maintenance is
planned to be from the large circular flanges of the beam
sources, after removing the beam sources. For the vacuum
pumping, it is foreseen to have a system based on turbo-
molecular pumps located on the side walls of the vessel
and Non-Evaporable Getter (NEG) pumps [16] located on
the upper and lower surfaces of the vessel.

The two beam sources have been conceptually de-
signed to accelerate 40 A of D™ (20 A each) to an energy
of 510keV. This is made by means of a set of grids bi-
ased at different potentials (see Fig.2 (c)): a Plasma Grid
(PG) operating at —510kV, an Extraction Grid (EG) at
—500kV, a Hyperlens Grid (HG) also at —500kV (attached
to the downstream side of the EG), a first Acceleration Grid
(AG1) at —=333kV, a second Acceleration Grid at —166 kV
and a Grounded Grid (GG) at ground potential. In each of
the two beam sources, all the grids are made with four cop-
per segments to improve the beam aiming (each segment is
in fact bent of about 1 degree with reference to the beam
source axis, as shown in Fig.3) and thermal deformation
(all the segments have a fixed constraint in the central part
of each grid, as shown in Fig. 2 (c)).

An extraction gap, about 6 mm long between PG and
EG, has the function to extract the D™ ions from the plasma
source and stop all the co-extracted electrons that are ex-
tracted together with the D™. In fact, these electrons would
generate excessive heat loads on the following grids if they
were not stopped by the EG while they still have a low en-
ergy. To do this, an electrostatic potential of about 10 kV
(varying in function of the density of the extracted D~ to
obtain good beam optics) is applied between the two grids
and the EG is equipped with permanent magnets that de-
flect the co-extracted electrons onto the EG surface. Maxi-
mizing D~ extraction while minimizing co-extracted elec-
trons is one of the main critical issues for negative ion
based NBIs. To do this, several methods are applied anal-
ogously to SPIDER, MITICA and ITER NBI [17,18]:

e adopting an enhanced shape of the PG upstream sur-

face (featuring large chamfers with a 40° angle with
reference to the beam axis);

e operating the PG at high temperature (about 150°C);

e covering the PG with a mono-layer of cesium, in-
jected by dedicated cesium ovens mounted on the ion
source;

e applying a high current flow vertically through the
PG (this generates a filter field in front of the PG, as
shown in Fig. 4 (b)).

After the extraction gap, there are three acceleration
gaps with a thickness of about 100 mm and an applied po-
tential of about 166 kV each. The D™ ions are accelerated
passing through the apertures in each grid. Electrons, neu-
trals (D°) and positive particles (D* and D}) are gener-
ated in the accelerator by stripping and charge-exchange
reactions of the D™ particles with the background gas, that
is mainly D,. These particles, as well as the D~ having
a large divergence (called halo fraction of the beam) are
finally impinging on the grids and on the plasma source,
generating high heat fluxes on this surfaces and other back-
scattered particles. For this reason, all the grids and the
plasma source components are equipped with high perfor-
mance cooling systems able to avoid damages due to the
extremely concentrated heat loads, and the density of the
background gas in the accelerator is minimized by means
of a high performance vacuum system mounted on vessel,
composed by several NEG and turbo-molecular pumps.
The pumping of the accelerator is enhanced by adding var-
ious holes on the flat part of the grid frames, so that the
particles can flow to the pumped regions of the vessel.

Each grid segment is mounted on a stainless steel sup-
port frame, that in turn is connected to its external flange
(also made of stainless steel). The external flanges are sep-
arated by insulating rings made of Fiber Reinforced Plastic
(FRP) having an external diameter of about 2m and de-
signed to hold the potential difference of about 166 kV be-
tween two adjacent flanges. In order to avoid discharges,
the flanges are equipped with Electrostatic Screens (ES)
and Triple Point Field Limiters (TPFL) on the vacuum
side, and with Field Reducing Tubes (FRT) on the air side,
as shown in Fig.2 (b), analogously to the Japanese beam
sources [13, 14].

The accelerator grid segments represent a critical
component as they have a rather complex design, with very
small cooling channels, apertures for the negative ions and
grooves for the embedded magnets. They can be manu-
factured by means of copper electrodeposition on a milled
base plate made of pure copper [19]. An alternative man-
ufacturing process based on additive manufacturing is cur-
rently being investigated by means of a dedicated R&D
program [20]. Another critical R&D program is foreseen
to develop and validate a manufacturing process for the
FRP (fiber-reinforced polymer) rings of the accelerator. In
fact, these rings are quite large (diameter of 2 m) and must
fulfill various important functions, i.e. to maintain the elec-
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Fig. 3 Aiming strategy of the accelerator.

trical insulation between the acceleration stages and to sup-
port the beam source while being perfectly leak tight and
having a vacuum compatible surface on the internal side.

4. Aiming Strategy

Each grid segment features two aperture groups hav-
ing 95 apertures each arranged in a 19 X 5 matrix (partially
shown in Fig.2(c)). As there are two beam sources hav-
ing 4 grid segments each, the total number of apertures is
1520, through which 1520 beamlets (one per each aper-
ture) are extracted and accelerated forming the D™ beam.
The geometry and layout of the apertures is derived from
MITICA [18] to take advantage of the return of experience
from ITER-related R&D, but the apertures are about 18%
more than in ITER NBI to decrease the requirement on the
density of extracted D~ current and thus increase the Avail-
ability index. To maximize the efficiency of the NBI, the
beam optics must be optimized, i.e. the divergence of each
beamlet must be minimized and a certain deflection must
be applied to each beamlet so that each beamlet is aimed at
the aiming point located in the tokamak, located about 200
mm downstream of the first wall and at a distance of 12 m
from the GG.

The strategy adopted for the beam aiming is based on
the inclination of the grid segments, as hinted in the previ-
ous paragraph, and on the usage of a Hyperlens Grid (HG)
attached to the downstream side of the EG, as shown in
Fig. 3. The HG was found to be the best option to provide
a suitable deviation to each beamlet so that all the beam-
lets aim at the prescribed aiming point. This solution was
found to be very effective in steering the beamlets, because
also the steering of the beamlets located in the central part
of the beamlet groups can be controlled precisely. The re-
sults of the first simulations with this solution are promis-
ing, as the obtained deflections for each beamlet are very
close to the desired ones,as can be seen comparing the de-
sired and obtained results reported in Fig. 3.

Several important parameters, i.e. wall-plug efficiency
of the NBI, D, gas throughput required at the neutralizer,
requirements of the pumping system, heat loads on the
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Fig.4 Main operations stages of the beamline: (a) alignment of
the components; (b) Beam injection in the plasma.

BLCs and duct, are strongly depending on the design of the
BLCs and in particular on the distance between the beam
and the panels. For this reason, comprehensive studies, in-
cluding simulations of particle tracing, beam reactions and
background particle flux in vacuum, are on-going to opti-
mize the design of the BLCs.

5. Alignment Strategy

During the development of the NBI conceptual de-
sign, a large effort has been devoted to the optimization
of the alignment procedure for the accelerator and beam
line components, in order to minimize the time and effort
needed for a suitable alignment before starting the beam
operation and the manufacturing costs. This significantly
impacts the RAMI indexes.

After considering several alignment strategies, it was
chosen to equip the beamline with an alignment target lo-
cated downstream of the calorimeter. During the alignment
stage, a set of optical laser pointers (two per grid segment)
are mounted on the PG, as shown in Fig.4 (a). The op-
tical laser passes through a calibrated hole in the GG, so
that the laser downstream of the accelerator has the same
direction as the ion beam. The footprints of the optical
lasers can be observed by means of two dedicated visible
cameras mounted on the vessel, so that the operator can
check if they are in the correct position. If they are not
in the correct position, the operator can move the whole
set of segments (PG, EG, AG1, AG2 and GG) by means
of two alignment bars that are passing through all the seg-

2405080-4



Plasma and Fusion Research: Regular Articles

Volume 16, 2405080 (2021)

ments using dedicated holes, as shown in Fig. 4 (a). When
the correct position of the segments is obtained, the oper-
ator can block the position of each segment with respect
to its support frame by means of a set of regulation screws
mounted on the corresponding regulation pins (indicated
in Fig. 2 (c)). The key point of this strategy is that the reg-
ulations screws of PG, EG AG1 and AG2 segments can be
reached and tightened also when the whole accelerator is
mounted by dedicated holes in the grids. This means that a
fine-tuning of the beam aiming will be possible also after
mounting the whole accelerator, allowing the possibility
to manufacture the supporting frames, external flanges and
insulating rings with relaxed mechanical tolerances, with a
significant decrease of manufacturing cost, and to adopt a
faster alignment procedure after each shut down.

Also the three BLCs need to be precisely aligned with
reference to the beam, because their alignment with the
beam affects several important operating parameters. This
can be done by observing the footprints of the same optical
lasers and moving the BLCs by means of movable supports
reachable from outside the vessel (using dedicated port-
holes). In order to switch to beam-on operations, the opti-
cal lasers supports and the alignment bars will be removed
from the PG, while the PG current connectors and the ion
source assembly will be mounted, as shown in Fig. 4 (b).
During the beam-on operations, the alignment target could
be substituted by a carbon target able to absorb the beam
for small periods (of the order of some seconds), observed
by two thermo-cameras mounted instead of the previously
mentioned visible cameras on the vessel lateral walls. In
this way, it will be possible also to check the beam foot-
print during beam-on operations. This alignment strategy
was found to strongly increase the Availability, Maintain-
ability and Inspectability indexes, and is expected to signif-
icantly decrease the costs for the production and operation
of the beamline.

6. Conclusions

A first complete conceptual design of the DTT NBI
beamline has been developed considering 510keV beam
energy and 10 MW injected to the plasma, following a dou-
ble beam source design approach. The main design guide-
lines have been the return of experience from existing ex-
periments, the reduction of cost and the maximization of
the RAMI indexes.
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