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Abstract

®

CrossMark

An overview is presented of the progress since 2021 in the construction and scientific
programme preparation of the Divertor Tokamak Test (DTT) facility. Licensing for building
construction has been granted at the end of 2021. Licensing for Cat. A radiologic source has
been also granted in 2022. The construction of the toroidal field magnet system is progressing.
The prototype of the 170 GHz gyrotron has been produced and it is now under test on the
FALCON facility. The design of the vacuum vessel, the poloidal field coils and the civil
infrastructures has been completed. The shape of the first DTT divertor has been agreed with
EUROfusion to test different plasma and exhaust scenarios: single null, double null, X-divertor
and negative triangularity plasmas. A detailed research plan is being elaborated with the

involvement of the EUROfusion laboratories.

Keywords: divertor, exhaust, plasma scenarios

(Some figures may appear in colour only in the online journal)

1. Introduction

As pointed out by the ‘European Research Roadmap to the
Realization of Fusion Energy’ [1, 2], the heat exhaust is one
of the main challenges towards the construction of a fusion
power plant. For this reason, a dedicated Divertor Tokamak
Test (DTT) facility was considered necessary. In order to
address this challenge, a high-field, compact tokamak design
(table 1) [3] was proposed capable of producing plasma condi-
tions similar to those in ITER and DEMO in steady—state con-
ditions and, thanks to a substantial amount of external heating
power (up to 45 MW to the plasma), to reproduce the level of
divertor heat loads foreseen in ITER and DEMO. Flexibility
is a primary requirement for DTT. The machine is expec-
ted to explore a variety of different magnetic configurations
and in extreme conditions (high heat-flux, large electromag-
netic loads) while guaranteeing high reliability and availabil-
ity with 100 operation days per year. The DTT scientific pro-
gramme will be articulated along four main lines of invest-
igation: (a) magnetic configurations that allow large divertor
wetted areas and detached plasma conditions; (b) advanced
plasma facing components technology; (c) impurity seeding
to increase core radiation; and (d) liquid metals as plasma
facing component. These research lines will aim at identifying
and qualifying integrated core-edge solutions i.e. regimes with

simultaneously high-radiated fraction and good confinement.
DTT will be the only breakeven-class device in the world
equipped with full tungsten actively cooled components before
ITER. The recent decision of ITER to switch to full-tungsten
first wall (FW) makes DTT an ideal tool to test plasma scen-
arios and engineering solution in advance of their implement-
ation on ITER.

Calculations of the equivalent Qpr for the simulation of the
baseline full power scenario shown in figure 1 indicates values
in the range Qpr = 0.3.

This paper provides an overview on the state of the con-
struction, with particular attention to the elements of origin-
ality of the design, and of the preparation of the research
program.

The challenges for the DTT design come mainly from
the high toroidal magnetic field, wide range of plasma
shaping, central solenoid (CS) flux swing requirements for
5.5 MA/100 s pulses, need to exhaust heat fluxes in excess of
20 MW m~2, need to inject up to 45 MW of additional heat-
ing power (a level of power comparable with that foreseen in
ITER and DEMO) in a compact device [4].

The toroidal field (TF) coils have been designed using
the recent advances in superconducting strand technology to
meet the requirements of high magnetic field and to maxim-
ize the available magnetic flux generated by the CS to allow
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Table 1. DTT parameters.

P (MW)

R(m) a(m) B_t(T) ILp(MA) (ECRH/NBIICRH) #puse (s)

2.19 0.70 5.85 5.5 45 (28.8/9.5/6.7) 100
—— TGLF with Ar a2 qal —— TGLF with A
= 10 -—= QLK with Ar gol
ﬁg § X051
A
0 Eool A .
10f == <
SN e
F3 s g \\J
£
ot | e ————
g;' 2 = - 2.5+
g% N ol
E
= I . N
e =3
5 x g X
3 g S Fosf \,v___«J
—_ 7'\’_'10.
£y & Sos
38 Tz
& 00l e
O0lo" o2 ola’ ols s 1o 00 02 04 " %6 us 10
normalised Pror normalised Pror

Figure 1. Radial profiles for the full power scenario flat-top phase
with argon seeding: (left) electron and ion temperatures, electron
density, toroidal rotation, and safety factor absolute value, with
turbulent transport calculated by TGLF SAT2 (solid black lines) or
by QLK (dashed red lines); (right) profiles of the seeding impurity
and tungsten densities, effective charge, radiative power density, and
radiative power, calculated by TGLF and FACIT. Reproduced from
[12]. © 2024 The Author(s). Published by IOP Publishing Ltd on
behalf of the IAEA. All rights reserved. CC BY 4.0.

long-pulse inductive operation. The critical current of the DTT
Nb3Sn strand (for the TF coils) is 320 A and has been tested in
the Sultan facility showing an excellent performance with the
temperature margin, remaining unchanged after 3000 cycles.
The DTT CS has to produce a flux swing in excess of 16.2 Wb,
with a bore radius of less than 0.8 m. Two different solutions
have been analysed (a layer-wound solution and a conven-
tional double pancake) to find the best trade-off between flux
production and fabrication risks, considering both electric and
mechanical issues. The strand for the DTT CS also requires a
critical current larger than that of the ITER CS and very low
AC losses. The DTT CS conductors will be submitted to an
extensive test at Sultan facility.

DTT plasma facing components require particular care
in design and fabrication to ensure the achievement of the
machine goals. The divertor region must be compatible with
different divertor concepts and technologies including liquid
metals. Present plans aims at using capillary porous systems
with tin as liquid metal. The divertor volume has to ensure
an efficient pumping and the possibility to operate at DEMO
relevant conditions (pressure up to 15 MPa and cooling tem-
perature up to 250 °C). The shape of the plasma facing units
(PFUs) has been optimized to be compatible with single null
(SN), X-Divertor (XD) and negative triangularity (NT) scen-
arios, through extensive analyses of the neutral pressure at the
sub-divertor region as well as temperature and stresses. The

FW has been conceived with a large area capable to operate
as limiter with 18 out of 36 inner FW panels made of tungsten
monoblocks and the others made of stainless steel coated with
W. The solid tungsten armoured inner FW has been designed
to withstand a heat flux in excess of 10 MW m~2 and to guar-
antee suitable flexibility during plasma ramp up. The DTT
FW will be provided with passive protection against runaway
electrons. The system is currently under design. The expected
maximum heat flux due to radiation impinging on the wall is
about 0.5 MW m~2. The water-cooling distribution has been
designed to be fully compatible with remote handling (RH),
including cutting and welding tooling for tubes and manifolds.

Extensive structural analyses of the vacuum vessel (VV)
have been carried out considering the most demanding com-
bination of events [5] (disruptions, earthquake). To limit the
neutron heating in the TF coils, the VV cooling channels
will be eventually filled with borated water. The VV is a
critical component for the design of all the Plasma Facing
Components. In fact, to prevent FW misalignment and to guar-
antee the proper plasma FW distance, very tight fabrication
tolerances must be achieved for the VV that are challenging
as the DTT VYV consists in a fully welded double wall 15 mm
thick structure made of AISI 316 LN steel. The VV will be
equipped with about one thousand of sensors for magnetic dia-
gnostics and machine protection.

Also, in the area of additional heating DTT is bringing
innovative solutions. The 32 MW electron cyclotron heat-
ing (ECH) will be transmitted by means of vacuum lines
to limit the power losses—a DEMO relevant solution. The
mirrors, which will operate at high temperature (190 °C for
the launcher mirror), require real time steering at high speed
(20° s~! for the launcher mirror). Mirrors will be fabricated
with unconventional technology. Prototypes by additive man-
ufacturing have been already produced while the possibility to
use ceramic materials is under study. The opportunity to real-
ize a test bed for testing and calibrating the system is under
evaluation. The ion cyclotron heating (ICH) power units will
be based on an innovative solid-state system. To allow the
injection of at least 1.5 MW per port, the antenna, being lar-
ger than the port area, has to be assembled inside the VV by
RH. The design of the 510 keV/10 MW negative ion based
neutral beam injector (NBI) is made challenging by the pres-
ence of significant magnetic fields around the tokamak and
by the high-power density. In order to improve the beam effi-
ciency and reduce losses, the accelerator is made by additive
manufacturing. To prevent unacceptable losses, the injector is
magnetically shielded. The NBI shielding has been designed
to avoid introducing error fields in the plasma region.

Since 2021, a number of important milestones have been
achieved for the licensing and permitting procedures. The
licensing for ‘Category A ionizing radiation source’ has been
granted to ENEA in March 2022 by the Italian Ministry for
Ecologic Transition. The production of radiological waste
has been evaluated and suitable temporary storage is fore-
seen. A hot cell will be utilised for separating the material
according to their decay time in order to make their disposal
faster. The approval for the construction of the new buildings
(about 150.000 m?) has been granted by the Italian Ministry
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of Infrastructures and Sustainable Mobility and by the local
authorities at the end of 2021. The definitive design of the
150 kV line connecting the Rome east node with the Frascati
laboratory has been approved by the Italian Ministry of
Environment and Energy Security in January 2023. The con-
nection will be entirely financed by the Italian Transmission
System Operator TERNA as part of the general plan for the
upgrade of the electric network. On site civil works have been
delayed by the discovery of beryllium concentration slightly
above the limit. This has requested an additional procedure
to identify the potential risks. The procedure was successfully
concluded in June 2023.

Since 2021, the set of possible configurations to be invest-
igated by DTT has been enlarged and assessed in interaction
with EUROfusion in order to meet the scientific needs of the
Euratom programme. Already in the first phase of exploitation,
DTT will be capable of demonstrating, in addition to the con-
ventional SN scenario, also the XD, double null (DN) and NT
configurations with a maximum plasma current up to 5.5 MA
(SN), 4.5 MA (XD), 4 MA (DN and NT). On the basis of this
analysis the design of the first DTT divertor has been agreed
with EUROfusion in 2022. This increase of the scope of the
project had an impact on the design of the VV that had to be
slightly enlarged. Furthermore, a set of 3D in-vessel coils (3
rows/9 coils per row) for ELM control and error field com-
pensation was inserted.

To construct and operate the DTT facility a company named
DTT S.c. a rl. has been set up in 2019. The central team
has increased from 10 to about 80 professionals. Most of the
design activity is made through specific tasks assigned to the
DTT shareholders and through external engineering services.
The design maturity has progressed significantly.

The construction of the machine is progressing with about
one third of the total budget being committed in running indus-
trial contracts. The 18 TF coils and the related power sup-
plies and protection system are in the manufacturing stage. The
framework contract for the procurement of 16 gyrotrons has
been signed in 2021. The pre-series gyrotron has been man-
ufactured and has been successfully tested in the FALCON
facility. The call for tender for the ICRH solid state transmit-
ters, launched as part of the DTT-U PNRR project financed
under the Next Generation EU programme, has been assigned.
The definitive design of the new buildings has been completed
and the design of the electrical distribution system (including
the new 150 kV/20 kV switchyard) is near completion. The
call for tender for these two items will be launched, after an
independent verification foreseen by the Italian law, in 2024.

In the last two years a review of the cost and schedule
has been performed. The lifetime plan is periodically updated.
Funds for 614 M€ have been secured by ENEA. The target for
first plasma operation is 2029.

2. Physics basis

In the international frame of fusion research, the DTT repres-
ents the main European facility where to test innovative tech-
niques for the treatment of plasma exhaust and for the study of

possible divertor concepts in ITER-like and DEMO-relevant
conditions.

The main challenge faced by DTT is to create, albeit on
a reduced geometrical size, functional conditions similar to
those of ITER and DEMO.

In this section the physical models underlying the project
are illustrated, with particular reference to the scenarios fore-
seen for operations, the key issues of power exhaust and the
most critical aspects of the expected instabilities.

2.1. DTT reference plasma scenarios

A key tool for the design of a magnetic confinement fusion
device is the first principle based integrated modelling of the
plasma scenarios, which allows to predict plasma perform-
ance and therefore to optimize machine design and reduce
risk, plan for control systems, design diagnostics and set the
basis for the future physics studies. A key requirement for the
integrated modelling of the DTT plasma scenarios is that of
enforcing coherence between high performance plasma core
and scrape-off layer (SOL) parameters consistent with diver-
tor plasma detachment, assuming to radiate about 30% of the
power within the boundary set by the separatrix, by means of
the seeding of light impurities.

To this extent, DTT modelling has been realized using the
codes JINTRAC [6] and ASTRA [7] with the support of the
transport models TGLF [8] and QuaLiKiz [9] and, in addition,
the pedestal model EPED; the analyses provide temperatures,
density, current density, rotation and two impurity densities
(W plus either Ar or Ne) up to the plasma separatrix [10].
SOL simulations have been realized with the SOLEDGE2D-
EIRENE code which couples a fluid treatment for plasma with
a kinetic one for the neutral dynamics [11]. This approach
allows to explore the edge plasma from py,, = 0.85 (i.e. just
inside the pedestal top) up to the FW.

Both, full power and reduced power scenarios in lower SN
configuration have been simulated, the latter with magnetic
field and current values that will characterize the early phases
of operations. At full power, the plasma currentis /, = 5.5 MA
and the toroidal magnetic field By = 5.85 T, with the following
heating mix: (a) for ECH 32 gyrotrons to provide approxim-
ately 28.8 MW in O-mode to the plasma, (b) for ICH 4 radi-
ofrequency (RF) antennas split in 2 modules, which deliver a
total power to the plasma of about 6.0 MW; (c) for NBI, one
negative ion beam at 510 keV which provides 10 MW to the
plasma.

The radial profiles of electron temperature 7', ion temper-
ature T}, electron density ., toroidal rotation w,,, safety factor
absolute value lgl, seeding impurity density 7seed.imp., tungsten
density nw, effective charge Z.¢, radiative power density Qrad,
and radiative power Py,q (emitted up to a radius p) obtained by
the two simulations with Ar as seeding gas and with the turbu-
lent transport models of TGLF or QLK for the full power scen-
ario are shown in figure 1, from [12]. The neoclassical trans-
port of impurities has been calculated by the FACIT model
[13], whilst NCLASS [14] was used for the main species.

The temperature profiles obtained with the two models are
in good agreement. The electron temperature is larger than the
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ion temperature over almost all plasma radii. Despite the high
thermal exchange power from electrons to ions, the ion tem-
perature profile is limited because the ion temperature gradient
mode (ITG) threshold is low for T./T; > 1 and a strong ion
stiffness is predicted by the turbulent transport model. This
scenario is indeed dominated by the ITG modes over most of
the radial profile. Impurities do not accumulate significantly in
the plasma centre.

To operate the scenarios at full power with high density
a suitable fuelling is required; pellets (r = 1 mm) injected
obliquely, from the high field (HF) side, with a velocity of
516 m s~ ! and a frequency in the order of 10—20 Hz are expec-
ted to be able to guarantee the desired density profile, provided
the ECH deposition is rather broad as described in [12, 15].

Simulations of the time history during the full discharge,
carried out by means of ASTRA/TGLF/IMEP [16] demon-
strate that the present CS design allows for reaching nominal
plasma current values with a flat-top duration of 30—40 s, suf-
ficient for physics studies.

DTT will be in ideal position to test disruption mitiga-
tion systems in advance of ITER. Analyses carried out with
MAXFEA for various disruption mechanisms followed by
electromagnetic analysis using ANSYS followed by the mech-
anical stress analysis using ABAQUS and including the effect
of halo currents show that even in the worse scenario the
VV satisfies the ASME-VIII stress requirements considering a
fatigue life of 750 worse case disruptions (downward vertical
displacement event at 5.5 MA) and of 2000 of lower severity
disruptions

2.2. MHD stability analysis

Both, full power and reduced field and current scenarios have
been analysed by means of ideal as well as resistive (low-n)
MHD stability approaches.

Resistive stability analyses have been performed using the
MARS code, applied to steady state plasma scenarios coming
from transport simulations [17].

As expected, inside the ¢ = 1 surface in the plasma region,
an internal unstable kink has been localized (figure 2(a) from
[17]). In this analysis, it is supposed that the conducting wall
is far from the plasma boundary. The value of 7. (normalized
distance defined as the wall minor radius normalized on the
plasma minor radius) has been fixed to rex = 3.

Figure 2(b), describes the dependence of the normalized
growth rate «y, on the wall distance re: it demonstrates an
internal mode is dominant, although the dependence of the
growth rate from the wall position implies the presence of an
external mode component as well. Such a large g = 1 radius
is detrimental because the internal kink causes large sawtooth
crashes which could trigger NTMs. Indeed, sawteeth with a
frequency ~1.4 Hz with a drop of the central temperature
by 44% are predicted in the inner half of the high current
plasmas in DTT (figure 3, of [10]), using the Porcelli model
[18] and Kadomtsev reconnection model [19] integrated in
the JINTRAC suite. Further integrated modelling is ongoing
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Figure 2. Stability characteristics. (¢) Dominant contravariant
Fourier components of the perturbed velocity v*,,, for the internal
kink mode safety factor g versus s (where s ~ (psi)” 2 is the
normalized radial-like coordinate, and psi the poloidal flux function)
at rexe = 3. (b) Internal kink growth rate, normalized to the inverse
of the on axis Alfven time Ta¢ (Ta0 = Ro(,uopo)l/z/Bo), po is the on
axis mass density) versus the normalized distance rex of the
perfectly conducting wall. Reproduced with permission from [17].
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Figure 3. Time evolution of the electron temperature at the plasma
centre, using the complete Kadomtsev reconnection model.
Reproduced from [10]. © The Author(s). Published by IOP
Publishing Ltd. CC BY 4.0.

to optimize control of sawteeth with the available heating and
current drive capabilities. Also, the operation at higher qos5 as
in hybrid scenarios is foreseen for DTT and will be object of
future integrated modelling work.

Due to the simultaneous action of different additional heat-
ing systems, the presence of energetic particles (EPs) is expec-
ted. The impact of EP is crucial from several points of views.

The possible damage of the plasma facing components due
to the EP losses has been investigated by means of ORBIT [20]
and ASCOT codes [21].

In particular the losses stemming from fast ions trapped by
the magnetic ripple have been evaluated by means of ORBIT
simulation and their impact has been minimized by suitably
adjusting the NBI injection angle and the energy.

The NBI sources have been realistically modelled by the
ASCOT code, including the 3D beam divergence and the EP
tracking. The aim was the analysis of both losses and confine-
ment mechanisms [21].
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Also, the possible increment of EP losses due to the inter-
action with Alfven Eigenmodes has been analysed by means
of a kinetic analysis [22]. DTT will be capable of independ-
ently control the parallel component of the fast particle popula-
tion (through NBI) and the perpendicular component (through
minority ICH) making it an ideal tool to test fast particle
physics.

2.3. Power exhaust in different divertor configuration

The performance of the divertor in various configurations feas-
ible in DTT has been analysed and compared by using SOLPS-
ITER and SOLEDGE2D-EIRENE codes to model the plasma
exhaust process. Specifically, the standard SN and the alternat-
ive XD (including the long legs variants) have been considered
as well as the NT configuration. The study also included the
compatibility analysis of the divertor shape. Two different
radiating impurities, neon and argon, were tested in the high-
power scenario to evaluate the minimum impurity concentra-
tion required to achieve sustainable conditions at DTT diver-
tor. The sensitivity of the model was studied by varying the
impurity concentration. Simulations of DTT maximum input
power single-null scenario prove that this scenario can be oper-
ated obtaining sustainable power flux and temperature at both
inner and outer divertor targets with both Ne and Ar seeding
with acceptable <Zf>gep, With Ar providing better cooling
efficiency and higher radiated power fraction.

Hysteresis-like behaviour was observed during the scan on
impurity gas-puffing [23], with the transition from attached to
detached plasmas requiring more gas puffing than the reverse
process. This non-linear dependence on impurity content is not
specific to DTT but when compared to present experiments
like JET and ASDEX the modelling results shows a more pro-
nounced hysteretic behaviour. The reason of this enhanced
non-linearity is probably the very high value of the (BPsoL/R)
parameter in DTT at full power which, in order to access
detached conditions, requires to dissipate a larger amount of
power by radiation in a narrow volume. It will be part of future
experiments to verify the impact on the development of the
time evolution of plasma scenario.

The study provided also further useful indication. In the full
power operation, the achievement of a low plasma temperat-
ure at the targets for reducing tungsten influx is a more strin-
gent condition than the requirement of operating below the
power load limit of 20 MW m~2 imposed by tungsten divertor
monoblocks performance. In the initial phases DTT will oper-
ate at reduced plasma current and TF. In these conditions the
detached state is more likely, because the expected longer heat
flux decay length at lower magnetic field predicted by the Eich
scaling [24] indicates a higher perpendicular heat in the SOL.

Power exhaust modelling [11] has contributed to the ana-
lysis of different divertor shapes compatible with engineering
constraints and functional requirements on alternative divertor
configurations and to the definition of the initial DTT divertor.

Modelling activity has shown the clear advantage of a wide
divertor (a divertor with a larger separation between vertical
targets) in respect to a narrow one with the same grazing angle

Figure 4. Examples of divertor shape under evaluation: () narrow
divertor, (b) wide divertor, (c) wide divertor with flat dome.
Reprinted from [11], Copyright (2022), with permission from
Elsevier.

at divertor targets. The wide divertor provides better perform-
ance for the standard SN configuration in all plasma condi-
tions analysed, allowing for the same separatrix plasma dens-
ity detached condition at: (a) higher power in pure deuterium;
(b) lower <Zcft>ep and impurity content with seeding at full
power. This is due to the longer length of the legs and the
closure provided by the vertical targets since the angle in the
poloidal plane between the legs and vertical targets is smal-
ler in the wide divertor providing a better closure for neut-
rals emitted at the targets. The wide divertor has been par-
tially improved with the flat dome also for the XD configur-
ation, although the XD configuration performs slightly worse
than the SN in the code. The wide divertor allows also test-
ing long legs configurations, which from the present analysis
provide performance similar to the SN. Figure 4, taken from
[11] shows some candidate divertor shapes, which have been
studied.

Mainly related to the allowed minimum radius of curvature
of targets and the need to protect cooling pipes from parallel
heat flux, the present modelling assisted design has shown that
available tungsten monoblocks technology sets strong limita-
tions on divertor shape for a divertor able to sustain high heat
flux. This affects in particular alternative configurations like
the XD. On one side this could be seen as a limitation of the
designed divertor but on the other side it provides a realistic
test bed for alternative divertor configurations directly scalable
to DEMO. Additionally, it has to be noted that further optim-
izations are still possible both on the divertor side for which
a longer external target is presently under evaluation and in
terms of possible optimization in magnetic configurations.

An example of a partially detached scenario with Ar seed-
ing for the finally selected divertor shape is shown in figure 5.
The high electron density (figure 5(a)) at the divertor legs and
at the targets produces a plasma detachment localized to the
target regions (figure 5(b)), consequently the neutral pressure
is also very high at the strike points (figure 5(c)). Following the
density distribution, the total radiation is confined in the diver-
tor along the legs (figure 5(d)). The variation of neutral pres-
sure at the two main pump apertures (at the corners between
the dome and the vertical targets) is particularly important
for the pump design, so it has been calculated with differ-
ent degrees of detachment. For the designed pumping speed
of 100 m® s~! a flow rate in the range 5 - 10*2-15 - 1022 D s~!
has been obtained, with the highest values corresponding to
the partially detached condition like the case in figure 5.
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Figure 5. Examples of detached scenario with Ar in the divertor
region: (a) electron density, (b) electron temperature, (c) neutrals
(D + D3) pressure, (d) total radiation.

Figure 6. Schematic view of the magnetic system. Reproduced with
permission from DTT team.

3. Tokamak components

3.1 Superconducting magnet system

The magnet system of DTT is based on three groups of super-
conducting coils: the 18 TF ones, providing a magnetic field
of 5.85 T at the plasma axis; 6 external poloidal field (PF)
ones, providing plasma shaping and stabilization; a stack of 6
identical modules for the CS, which are independently fed to
provide a double flux swing of about 32.4 Wb [25]. In figure 6
a schematic view of the magnetic system is reported.

In order to reach the foreseen performances, the TF, the CS
and the PF1 and PF6 coil pair (located at the polar region of the
tokamak) have been designed with Nb3;Sn strands, whereas the
other 4 PF coils rely on NbTi, as they operate at lower magnetic
field. The technology of cable-in-conduit conductors (CICCs),
cooled down by a forced flow of supercritical He gas having
an inlet temperature of 4.5 K, has been chosen for its intrinsic
high structural capability.

All the PF and CS coils loads are supported by the TF coils
through specific supports, though they are all free to make rel-
ative radial movements. The weight of the superconducting
feeders, the busbars portion which is internal to the machine
cryostat and that works at cryogenic temperature, is also par-
tially loaded to the TF structure.

3.1.1. TF coils system.  The fabrication of the 18 TF coils
is ongoing through three different procurement contracts: (i)
TF conductor; (ii) winding pack (WP) and integration into the
casing; (iii) casing structure. The coils are wound in pancake
configuration and rely on 3 Double Pancakes named ‘regular’,
placed in the centre of the WP, plus 2 ‘side’ shorter Double
Pancakes. All the coils are fed, with a current of 42.5 kA, in
series, but they are discharged in 3 groups of 6 coils each, in
order to limit the maximum voltage. Each pancake is cooled
by a flow of 4 g s~! of He at 4.5 K that insures a temperature
margin on the conductor of about 1 K. The maximum magnetic
field (11.9 T) is experienced in the inner leg at the equatorial
plane [26].

Each TF WP is enclosed in an AISI 316LN SS casing,
for structural reinforcement. The casings act also as supports,
through dedicated frames, for the 6 PF coils, the CS stack and
for part of the weight of the feeders. Each TF casing transfers
its weight over a Gravity Support, where a series of laminated
plates allow for the magnets radial displacements, impeding
the toroidal ones.

On each side of the casings a pair of two cooling channels
provides assistance to the magnet cool-down from room tem-
perature but also to absorb the nuclear heating coming from
the plasma during the discharge. Between the WP and the cas-
ing, a nominal 4 mm gap is foreseen for the integration activ-
ity into the casing. This gap will be filled during the so-called
embedding operation in order to guarantee the load trans-
fer from the WP to the casing during the energisation of the
magnet [27].

All the TF coils casings are mechanically linked by a set
of different inner and outer inter-coil structures, blocked by
means of bolts, pins and custom-designed pieces. The gravity
supports, made of laminated plates to allow radial movement
due to thermal contraction of the TF system, are equipped with
a ‘thermal anchor’, constituted by a cooling channel in which
He flows at 4.5 K, in order to absorb the heat entering by con-
duction from the cryostat in the TF.

To better understand the challenge that the DTT TF coils
system project represents, table 2 compares the DTT TF coils
performances with those of ITER and JT-60SA. In table 2 €,,p1
is the value of the applied strain at which the strand perform-
ance is measured (irrelevant for a NbTi strand). Figure 7 shows
a render image of the 18 TF coils modules.

3.1.2. PF coil system.  The PF coil system includes 6 solen-
oids, almost identical in pairs. Each coil is separately and inde-
pendently fed. All PF coils are designed to be wound with
pancake technique. The procurement of these coils has not yet
been launched, nonetheless the call for tender is expected soon
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Table 2. Comparison of DTT with ITER and JT-60SA performances.

DTT ITER JT-60SA

Strand type Nb3;Sn Nb3;Sn NbTi
Min. Critical current 320 A 190 A 200 A
s e;:iﬁcation) (4.2K; 12T, 0% eappl) (4.2K; 12T, 0% eappl) “4.2K;8T)

P (<1000 mJ cm ™3 hysteresis losses) (<500 mJ cm™? hysteresis losses) (<500 mJ cem™? hysteresis losses)
Engineering current density ~ ~28 ~11 ~18
(MA m~2)
Stored magnetic energy (GJ) 2.5 41 1.05
Vertical force per half coil 30 205 9

(MN)

Figure 7. DTT TF magnet assembly. Reproduced with permission
from DTT team.

since the PF6, PF5 and PF4, the lowermost coils in the toka-
mak, need to be placed on the base of the cryostat before start-
ing with the assembly of the TF and the VV.

The most performing coils of the PF system are the PF1—
PF6 pair. They have to operate at a maximum field of about
9.1 T with a maximum current of 28.3 kA, thus their design is
based on a Nb3Sn CICC. The CICC has a rectangular shape
geometry, with constant thickness steel jacket and either very
short twist pitch cable configuration or long twist pitch and low
void fraction. The CICC option will be chosen after conductor
qualification phase. Also, the assumption of s = —0.65% for
the Nb3Sn strand has been made.

The other two solenoid pairs (PF2-PF5 and PF3-PF4—see
figure 6) operate at much lower magnetic field, so they can
be based on less performing NbTi superconducting strand, but
relying on CICC conductor and pancake winding technology
as for the PF1/6 coils.

Given the hydraulic length, for all PF coils the presence of a
central channel inside CICC is foreseen, to relief pressure drop
between liquid He coolant inlet and outlet. It is worth noting
that, due to their size, the transportation of PF3 and PF4 to
DTT site will require a special logistic arrangement [28].

3.1.3. CS system. The CS is constituted of six stacked
Nb3;Sn independent modules, enclosed within a steel axial pre-
compression structure. The weight of the CS system is loaded
at the bottom through its support to the TF coils casing. The
magnetic hoop forces during operation are reacted internally,
within the winding, by the conductor jacket. As the six mod-
ules are separately fed, the CS is able not only to induce the
current inside the plasma, but also to shape it. Winding solu-
tions based on either pancake- or layer-winding have been
thoroughly investigated, to identify advantages and disadvant-
ages, and make a final choice with minimized manufactur-
ing and operational risks. In case of layer-winding, two sub-
modules are foreseen, a HF and a low field one, made of a
different rectangular CICC optimized for the specific operat-
ing values of magnetic field and current density, and connected
through an external inter-layer joint. In case of pancake wind-
ing, a coil solution has been defined trying to minimize the
coil operating current, and thus the CICC size, as well as its
aspect ratio, so as to reduce the risks due to coil handling after
the Nb3Sn reaction heat treatment, for the application of the
inter-turn insulation [29].

3.2. Power supply system

Strictly related to the superconducting magnet system is the
power supply system. It includes the power supply for the
superconducting magnets, with the protection and busbar, as
well as the power supply for the in-vessel coils.

The procurement of both the TF coils power supply and
the three fast discharge units is progressing well and the first
delivery will be installed in the ENEA cold test facility for
the test of the DTT coils. Call for tenders related to PF coil
and CS systems will follow those of the corresponding magnet
systems.

Additional (in-vessel) coils are included in the DTT design.
Five of them are axisymmetric: two devoted to stabilize
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plasma, the other three, located under the divertor, to the
fine control of the X-point. In addition, a set of 27 non-
axisymmetric coils, devoted to control ELM events and to the
error field correction (EFC), is also foreseen. For the power
supply system several different innovative solutions were
proposed:

e The 18 TF coils are supplied in series by a 44 kA AC/DC
converter, implementing a 24 pulse topology to reduce the
harmonic contents at the input and the current ripple at the
output [30]. The maximum TF ripple at the separatrix in SN
operation is 0.6%.

The fast discharge units and the switching network units
(SNUs) are implemented by fully-static redundant switches
[30].

The energy stored in the superconducting coils is discharged
by high-energy SiC varistors instead of standard resistors
[30, 31]. This allows an optimized trade-off between the dis-
charge time, the energy passing through the coils and the
peak voltage [31].

The 6 CS modules are supplied by 6 independent 1 kV
32 kA IGBT-based H-bridges [30]. In each CS circuit, both
the breakdown overvoltage and the emergency protection
are implemented by a fully-static SNU containing banks of
high-energy SiC varistors [30].

The 6 PF coils are also based on energy storage and H-
bridges, but the voltage is much higher (2 kV or 3 kV) also
because the breakdown voltage is generated without a SNU
[30].

Most of pulsed power supplies adopt energy-conservation
topologies introducing large supercapacitor banks in the
DC-links (distributed energy storage) [30]. Ideally, the
energy in the coil circuit is conserved (only transformed
from an electrostatic to a magnetic form) and recovered after
a pulse for a new operation. This limits the input power to
a small percentage of the required output power to the load
coils.

The same couple of anti-series in-vessel coils, supplied by a
common circuit of fast converters with an additional imbal-
ance branch, are able to implement both the vertical stabil-
ization and radial control functions, with a mitigated effect
of the plasma disruptions [32].

3.3. Vessel, in-vessel and out-vessel components

In DTT, the plasma will be contained in a D-shaped VV char-
acterized by a double wall structure to provide high rigidity
against operational load and high toroidal one-turn resistance
(figure 8). The VV overall mass including ports, bellows, and
gravity supports is about 174 ton plus 14 ton of coolant. The
assembly is about 9.5 m high with about 11.5 m diameter. Each
gravity support is made of a vertical leg and is laid on the ring
pedestal through a pack of spring plates to accommodate free
thermal expansions along the radial direction produced in par-
ticular by vacuum, VV baking, and possible earthquakes. The
legs are threaded at the top and they are screwed into stubs in
the bottom structure of the VV.

Figure 8. Breakdown of the vacuum vessel sub-components.
Reproduced with permission from DTT team.

During normal operation, the double-wall cavity will be
filled with water (borated water during high performance
plasma operations) as neutron streaming moderator to enhance
the neutron shielding capability of the VYV, thus limiting the
nuclear heating density in the TF WP to acceptable limits.
Between the inner and outer shells, perforated poloidal and
toroidal ribs provide the necessary rigidity while allowing the
water flow in the interspace. The VV material will be austen-
itic stainless steel with low cobalt content (Co < 0.05 wt%).
The typical thickness of VV plates is 10-20 mm for ports,
15 mm for inner/outer shells and stiffening ribs in the double
shell structure, 22 mm for the gravity support interface.

For assembly reasons, the VV will be manufactured in two
multi-sectors 170° toroidal angle each and one sector of 20°.
Port ducts shall be delivered separately, with bellows, and wel-
ded after the 360° assembly is complete with the TF and PF
coils in place. All interfaces with the in-vessel and out-vessel
components have been accurately captured in the tender docu-
ments. In order to keep a reasonable flexibility against possible
future design changes, supports are constituted by a plate wel-
ded on the vessel surface to which the in-vessel components,
diagnostics or any other components shall be interfaced with
bolted joints.

The VV will be completely covered by a thermal shield
(THS) cooled by He flowing at 80 K in order to shield heat
coming from the vessel towards the surrounding magnets. The
design is in part inspired by that of the KSTAR machine [33]
with a single silver coated 3 mm thick stainless steel plate to
improve emissivity. On the cold side, a He gas flows at a tem-
perature of 80 K in a suitable system of pipes. The pipes are
redundant to ensure operation even in the event of a failure.

Inside the vessel the already described system of 32 in-
vessel coils is located. Their layout is described in figure 9.
The non-axis-symmetric coils (for the EFC and ELMs mitig-
ation) are coloured in green: they are arranged in three sets of
9 coils each in three layers.

The axis-symmetric coils are in blue; those below the diver-
tor area control the fine sweeping of the strike points, and the
ones around the equatorial ports provide the fast vertical con-
trol of the plasma position. Finally, the orange structures are
passive coils for the plasma stabilization. In order to minimize
issues associated to interface management, the same conductor
is used in the two types of coils. It, inspired by that of ASDEX
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Figure 9. Layout of the in-vessel coils. Reproduced with
permission from DTT team.

&

Figure 10. Render of the cryostat vessel and of the base structure.
Reproduced with permission from DTT team.

Upgrade [34], consists of a circular copper conductor with
16 mm external diameter and a central hole, for water flows
during dwell time, of 9 mm of diameter. The conductor is
inserted in a stainless-steel pipe with 24 mm of external dia-
meter; between the pipe and the conductor an insulating mater-
ial is foreseen.

The cryostat vessel, with its support base, is also included
in the vessel and out-vessel system. The conceptual design,
presently on-going, is inspired by that of the JT-60SA
machine. The support base is made of 12 columns sustain-
ing 6 beams, radially directed. Columns are located in corres-
pondence of the VV gravity supports, while the 18 TF grav-
ity supports are positioned on a ring located between the two
columns. In order to limit the loads on the vessel in case of
seismic events, at the top of each column, a seismic bumper
is foreseen. At the centre of the base structure, access to the
bottom area of the CS is granted for the feeding of the He cir-
cuit and of the superconducting coils. A render image of the
cryostat vessel is sketched in figure 10.

Finally, also the whole set of auxiliary systems for plasma
control belongs to the vessel and out-vessel area. Among them

Figure 11. Location of the RH modules. Reproduced with
permission from DTT team.

it is worth mentioning, for its role in the exploitation of DTT
facility, the divertor pumping system. It consists of a set of 9
cryogenic pumps placed vertically inside 9 ports underneath
the divertor. The system shall guarantee 100 m® s~! pumping
speed and will be operated using He at 4.5 K that is compat-
ible with the requirements of cryoplant. Flexibility in the oper-
ation of the divertor pumps is insured by the grouping of the
two sets, one with three pumps equally spaced in the toroidal
direction by 120°, and another set with 6 pumps spaced by
60°.

3.4. Plasma facing components

In DTT, 54 actively cooled divertor modules are foreseen, 3 for
each 20° sector. Out of these, the central modules belonging to
the four RH sectors can be used as test modules for the ease of
their replacement (figure 11). In view of the first phase of oper-
ations, the design of first divertor has been performed jointly
with EUROfusion [35]. The poloidal shape has been designed
in order to allow a fully compatibility with three families of
plasma scenarios (SN, XD, and NT).

Figure 12 shows the poloidal shape of the first DTT diver-
tor with highlighted the position of strike points and baffles.
This shape is the result of an intense design activity in which
all the constraints associated to the interfaces with cooling
system, RH, in-vessel coils and diagnostics have been taken
into account. Also, constraints, set-up by the manufacturing
process envisaged, have been already included in the design.
The W monoblock technology developed for ITER has been
chosen in order to reduce R&D activity and insure the con-
struction of the first divertor in time for the first plasma [36—
38]. This design has been implemented on the entire plasma
facing surface of the divertor in order to allow a large heat
load handling capability even of the central horizontal target
(dome) and on the outer horizontal target that is necessary to
comply with the different magnetic configurations to be invest-
igated by DTT.

Regarding the implications posed by the manufacturing
route, it is worth noting the minimum curvature radius equal to



Nucl. Fusion 64 (2024) 112015

F. Romanelli et a/

Outer
Horizontal
Target

Inner

Vertical
Target
Outer
Vertical
e Target
SN
Elbow with
flat tile XD
— NT

Figure 12. Poloidal shape of first DTT divertor and position of the
strike points in the three reference scenarios. Reproduced with
permission from DTT team.

185 mm is compliant with the thickness of the W monoblock
in the pipe direction of 8 mm. Also, the insertion of the swirl
tape limits the design to only one curved section for each PFU.
Therefore, a specific solution had to be found to shield the 90°
bend at the straight side end of the copper tube of the dome
PFUs (see figure 12). In order to achieve this, a specific flat
tile design has been introduced allowing the manufacturing of
the 90° elbow together with the PFU in W monoblocks. The
introduction of the flat technology in the PFU for the dome
may limit the maximum heat flux in that area and this will be
part of the qualification process. Nonetheless, this limitation
has been viewed acceptable since it will receive only radiat-
ive heating. In any case, a qualification activity is ongoing to
assess the flat tile design.

Furthermore, the 90° elbow does not allow the insertion of
a swirl tape and this leads to a limit of 17.8 MW m~2 for the
dome. This is the maximum load allowed to have a margin of
1.4 from the critical heat flux. Tests of PFU mockups are ongo-
ing to qualify the design and to identify the limiting thermal
loads and margins. The reduced thickness of the armour (3 mm
are compatible with the expected erosion in DTT) allows high
stationary loads (greater than those of ITER: 10 MW m~2)
also for the dome.

The High Heat Flux tests conducted on the DTT divertor
target mock-ups, of 3 and 4 mm armour thickness respectively,
highlighted an excellent overall behaviour of the component.
The mechanical fatigue resistance of the armour material and
of the junction with the cooling tube were verified at the most
demanding conditions (high thermal load and high cooling
water temperature). The load residence time (10 s) in addi-
tion to being suitable for reaching stationary thermo-hydraulic
conditions is also effectively comparable with the duration of
slow transient events in DTT. The results therefore also cor-
rectly take into account deterioration phenomena depending
on the residence time at high temperature such as creep and
grain growth [39].

Regarding the FW, it is remarkable that it will be water
cooled from the beginning of the operations. Four distinct
refrigeration circuits are envisaged: one for the limiter

Top first wall

Outboard
first wall

Inboard

standard
Inboard modules
limiter
modules

Figure 13. Location of the different first wall components.
Reproduced with permission from DTT team.

modules at the inboard side, one for the standard module
at the inboard, one for the top and one for the outboard
(figure 13).

To fulfil the stringent operational requirements posed by
the plasma configurations and the limitations posed by being
RH compatible, four different designs have been considered.
In particular, at the inboard the 18 standard modules, made
of CuCrZr coaxial pipes coated with W plasma spray to sus-
tain the radiative loads, are interspersed with the limiter mod-
ules, made with W monoblocks welded on CuCrZr coaxial
pipes. On the outboard two different manufacturing routes
are under investigation: one using additive manufacturing, the
other using welding. In both cases, the outboard modules (90
in total) are constituted by stainless steel W-coated panels (5
type per sector) with cooling channels inside. Each panel is
individually cooled by water feds through the equatorial and
the upper lateral ports. The design of the top FW will be sim-
ilar to that of the inboard limiter modules in order to insure
high performances due to disruptions.

Plasma facing components cleaning and conditioning will
be done by a combination of baking, glow discharge and
boronization [40]. Baking will be performed up to 200 °C
(strong baking) heating the V'V by replacing the water coolant
with hot nitrogen and heating the ports by dedicated electrical
heaters installed at the in-vessel surface of the ports for easier
replacement in case of failure. Glow discharge cleaning (GDC)
in hydrogen and conditioning by boronization will be per-
formed after vessel venting before energizing the TF coils or,
if necessary, with the TF switched off at the weekends. Glow
discharge will be done with 6 fixed electrodes coplanar with
the FW integrated into the lower horizontal ports. Electrodes
are actively cooled to remove up to 0.5 MW m~? of expected
radiated power during plasma operation. This is to keep their
surface at the same temperature as the FW to avoid infrared
contamination on IR camera measurements. The active cool-
ing makes more difficult to realize the electrical insulation of
the front electrodes plate during the active phase. For this pur-
pose, a ceramic breaker has been proposed to be installed along
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Figure 14. DTT RH equipment: HYRMAN (upper) and
CTM-CMM (lower). Reproduced with permission from DTT team.

the cooling pipe run and also a solution similar that one pro-
posed for permanent ITER electrodes is under consideration to
avoid water leakage risks. A dedicated gas injection line with 4
toroidal equally distributed locations on the LFS midplane will
be used for injecting the He + B,Hg mixture during glow dis-
charges for boronization, during this operation the cryopumps
will be heated up in order to avoid saturation with boron of the
charcoal on the cryopanels.

3.5. RH system

DTT will produce a significant amount of neutrons, with a pro-
duction rate of up to about 1.5 - 10'7 n s~!, leading to the
necessity of a remote maintenance system. Closely related to
the in-vessel components design is the specification of the RH
system. In DTT, RH will be restricted solely to the in-vessel
components due to the relatively low radiation expected in
the cryostat. Nonetheless, to limit the duration of the substi-
tution of the divertor system and then to secure the availability
of DTT for the experimental campaigns, RH of the in-vessel
components is planned to be ready from the beginning of the
operation. Two main sub-systems are foreseen: HYRMANS
(hyper redundant manipulators) to handle outboard, top and
inboard FW modules; and CTM-CMM (cassette toroidal and
multifunctional movers) for the removal and installation of the
lower divertor (see figure 14).

Requirements posed by the design of RH systems have been
shared among all the DTT components. In this respect 4 sec-
tors have been reserved for the RH operations. This will bol-
ster attractiveness of DTT as an experimental facility allowing
to test divertor solutions under well defined boundary condi-
tions. In order to prepare the RH operations, expected in the
advanced phase of the machine operation, and to upgrade the
end-effectors of the base of the updates in the plasma-facing
components design, a dedicated training facility is under pre-
paration. It will include a 110° VV sector mock-up.

All the RH sub-systems shall be tested and improved in
the facility and, in addition, the training of personnel during
the experimental campaign will be carried out to minimize the
time needed for RH activities. The scheduled removal of the
main divertor is expected to take 6—8 months. The removal and
reinstallation of the divertor cassette of a test port is expected
to take two weeks. The duration for the repair of a water leak
depends on the location of the leak. The cool down plus warm
up of the device are expected to take 30 d.

3.6. Diagnostics system

DTT will be equipped with a complete set of machine and
plasma diagnostics systems. A two steps approach has been
considered so far. First the so-called day 0 diagnostics will
be procured and installed for the initial operations, then Full
Power Phase diagnostics equipment for advanced plasma con-
trol shall be introduced. In line with the main objectives of
DTT, particular attention has been devoted to the diagnostics
of the pedestal, because of its importance in the determination
of the overall confinement and also for the impact that local
instabilities, such as Edge Localized Modes, may have on the
divertor target. In the divertor region, where the power exhaust
is concentrated, the main interest is to unravel the way trans-
port and topology influence the power loss density and partic-
ularly the dynamics of the plasma detachment, the condition
believed to be essential in DEMO and that requires a delicate
and reliable feedback control to be maintained.

The way fuelling techniques, such as pellet or gas puffing,
can influence the separatrix density is also of particular interest
and a careful knowledge of the neutrals space distribution is
deemed to be important. Total and energy resolved radiation
(electromagnetic and particle) measurements are fundamental
for various tasks such as the evaluation of the power balances,
the study of asymmetries in the impurities distribution (pol-
oidal and toroidal), the impact of extrinsic impurities to form
a radiation layer and favour the plasma detachment. Particular
attention is payed to detection of the ionization in front of the
targets, as well as the degree of compression that the divertor
can exert on impurities, particularly on helium.

In the definition of the whole set of plasma diagnostics spe-
cial attention has been devoted to the CAD integration. This is,
indeed, a prerequisite in accordance with the strategy of pro-
gressive implementation discussed before.

Figure 15 reports a render image of the DTT plasma dia-
gnostics implemented in the CAD model exemplifying the
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Figure 15. Layout of plasma diagnostics in 3D CAD model
showing that each diagnostic system is already fully integrated in
the design. Reproduced with permission from DTT team.

traceability of the physical interfaces in the model that intro-
duce constraints in the assembly procedures and the hall lay-
out. The correct tracking of the interfaces made it possible
to manage every change that became necessary during the
design, with limited impact on the layout.

A table with the list of the day-0 diagnostics is reported in
appendix.

3.7 Assembly

The DTT assembly was originally planned according to the
initial strategy developed for ITER. This would have had the
advantage that the components could have been assembled as
soon as they were available. The delay of the availability of
the torus hall, where the assembly is also performed, brought
to decision to adopt a different strategy based on the KSTAR
experience. The machine will be assembled including all the
in-vessel components before the start of the integrated com-
missioning. In order to do that in a limited amount of time,
assembly procedures have been carefully studied during the
design of each component.

The assembly will be performed mainly in the torus hall
where an area will be dedicated to pre-assembly and testing
activities and over the cryostat base for the final assembly
phase (figure 16). Nonetheless, it is planned to use two of the
existing buildings for the pre-assembly of the VV sectors and
for CS preassembly. The assembly plan of DTT is constituted
by the following main steps:

« Assembly of the cryostat base

+ Pre-assembly of the lower PF coils (PF6, PF5, PF4)

+ Assembly of the VV multi-sectors cored with the THS

« Insertion of the TF coils and the torus closure through the
insertion of the final VV 20° sector

« Final upper PF coils installation followed by the insertion of
the CS, fixing He distribution piping and feeders inside the
cryostat

» Mounting the in-vessel components (In-vessel coils, FW,
divertor, Port Plug, etc)

1. W

Mezzanine/
experimental area

| Services area
Tunnel for auxiliary |
systems Pre assembly area

Figure 16. Layout of tokamak in the one of the final phase of the
assembly. Reproduced with permission from DTT team.

+ Assembling the cryostat THS, the cylindrical body and Top
Lid.

« Final Installation of auxiliary systems as FW, DIV, Coils
Water coolant System, Feeders, cryogenic system (valve box
and cryoline), Vacuum system.

The In-duct diagnostic will be installed with a support
structure called ‘Port Plug’, with an approach of Plug and play
to allow a fast installation and the removal by RH. Moreover,
the port plug will allow to perform the baking (strong and low)
of the Diagnostic and Ducts, cooling the diagnostic during the
baking phase (if necessary) and during the operation and cool-
ing the end cap of the Port Plug (plasma Facing). The reactor is
equipped with 40 ports instrumented with Diagnostic, 4 ICH
and 8 ECH that can be installed with the support of the Port
Plugs. The Diagnostic that should be installed in the duct at
Day 0 involves 18 ports.

Finally, the need of parallel shifts has been identified for
a certain amount of in-vessel and ex-vessel mounting opera-
tions. The on-site winding activity of the in-vessel coils will be
performed by means of a rotating table inside the vessel. The
bending machine shall also be mounted internally, while the
conductor spool shall be kept on a despooler machine outside.
The conductor will be fed inside the vessel through equatorial
port in sector 7. To train the operators and set-up the manu-
facturing procedures, the five axis-symmetric coils (for diver-
tor strike point sweeping and for vertical stabilization of the
plasma) will be wound in a pre-assembly area before the torus
hall building will be made available. In this area, following
the experience of ASDEX Upgrade, a full-scale mock-up of
the VV will be constructed. The mock-up will integrate the
30° sector mock-up foreseen in the VV procurement with the
remaining 330° simplified in order to provide only the correct
interfaces and boundaries. Only after all 32 coils have been
assembled; the assembly of the plasma-facing components can
start. The FW will be mounted first and then the divertor mod-
ules will be inserted through the lower horizontal ports and
positioned. In both cases, assembly will be performed with
the concurrent participation of four teams each taking care of
a 90° section. Figure 16 shows a render image of one of the
last phase of the tokamak assembly. One may recognize the
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pre-assembly area and the mezzanine for the assembly of the
diagnostics.

4. Heating and current drive

4.1. General remarks

DTT will be equipped with three heating systems: ECH, ICH
and negative neutral beam injector. A total installed power of
50 MW will be made available progressively in the 3 different
stages on which the research plan of DTT is articulated.

Table 3 reports the installed power and the foreseen power
coupled to plasma for the three systems. The design guidelines
of the heating systems are to rely on consolidated technology
and to exploit as much as possible the experience gained by
the ITER R&D. On the other hand, the expected lifetime of
DTT (25 years) make necessary to exploit novelty that can
guarantee support and development for long periods. Finally,
DTT will be also the device on which solutions relevant for
DEMO can be tested and exploited. Among these are the Solid
State Transmitter for ICH, the evacuated multibeam transmis-
sion line (MBTL) for ECH and the metal 3D printing for the
manufacturing of crucial NBI components.

4.2. ECH system

The DTT ECH system is organized in clusters (see figure 17),
each with eight gyrotron sources, one transmission line (TL)
and two (equatorial and upper) antennas. This architecture
allows easily the modular upgrade foreseen in the DTT oper-
ational program: two clusters for the first stage of operation
and four clusters for the final stage. In addition of providing
the main plasma heating, the ECH system is demanded also
to perform many operational tasks such as: assisted break-
down; plasma current ramp-up & ramp down; L—H transition;
core heating & current drive; control of MHD modes (as saw-
tooth and neoclassical tearing modes); profile tailoring; mit-
igation of impurity accumulation and wall conditioning. The
reference microwave source is a diode-type gyrotron, with
collector voltage depression, operating at 170 GHz with effi-
ciency >40%, to yield 1 MW for 100 s [41]. A joint procure-
ment with Fusion for Energy was started for the provision of
the first 16 gyrotrons for DTT and 6 for ITER. The acceptance
of the first DTT gyrotron has taken place at the end of 2023 and
the completion of the first cluster within 2028. The RF sources
are fed in pairs by a High Voltage Power Supply set, com-
posed of one main PS (—55 kV, 2 x 55 A) and two body PSs
(+35 kV, 20 mA), one for each gyrotron. The MBTL concept,
to deliver a large number of power lines from the gyrotrons to
the tokamak ports, is based on the quasi-optical (QO) propaga-
tion of 8 Gaussian beams in a single path, realized by a set of
shared focusing and plane mirrors in a confocal arrangement
[42]. The mirrors are actively water cooled, through a double-
spiral circuit, to minimize surface deformation with heat load
in long pulses and maintain the overall losses low enough to
provide the goal of 90% of transmission efficiency [43]. One
of the novelties included in the design is the enclosure of the
TL under vacuum in order to minimize the transmission losses

Table 3. The distribution in time of the HCD power in DTT.

Phase 1 (T = 0) Phase 2 (T =5y) Phase 3 (T = 9y)

ECH 16 MW/144 MW 16 MW/14.4 MW 32 MW/28.8 MW
ICH 4MW/3MW 4 MW/3 MW 8 MW/6 MW
NBI /- 10 MW/9.5 MW 10 MW/9.5 MW

Combining mirror
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Gyrotron clusters || Bioshield
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Antennas

ECH Bridge (equatorial and upper)

Figure 17. The layout of the whole DTT ECH system. Reproduced
with permission from DTT team.

and the arc risks in air. The enclosure contains the mirrors with
sustaining structures and follows the whole beams path. Two
pumping systems for each TL are foreseen to reach a vacuum
level of ~1073 Pa. A section of corrugated waveguides (WGs)
is inserted between the final section enclosure of the QO lines
and the plug-in antenna in order to reduce the vacuum conduct-
ance, avoiding effect on plasma operation. In fact, only a gate
valve along this WG separates the MBTL vacuum from the one
of the tokamak vessel, normally closed and opened only dur-
ing the ECRH pulse. A back-up option with the later insertion
of a diamond window before the valve, in case of unexpected
difficulties during plasma operations, has been considered in
the design. The model of mirrors lines has been analysed with
electromagnetic simulations to evaluate the losses due to the
geometry and finite (mirrors) dimension effects. Up to ~1.5%
of losses due to spill-over have been found after the reflec-
tions on 29 mirrors of the longest MBTL, while an average
3% of losses are due to the converted modes not coupled into
the WG. Ideal ohmic losses in the range ~4.5% (evaluated
for first two clusters) have to be added to estimate an overall
efficiency of 90.6%, including the transmission losses (0.5%)
at the QO-WG-QO transition at launcher entrance. Analysis
of thermal deformation effects and misalignments occurring
along the line will complete the characterization, defining the
system requirements for the engineering design phase.

The concept of the antennas (based on the front-steering
concept) is designed on very compact modules, each with
identical features and independent to each other, to increase
the flexibility of the system [44, 45]. The single launcher mod-
ule is composed of two mirrors: a fixed shaped mirror (M1)
to refocus the microwave beam coming from the WG section
and a steerable plane mirror (M2) to direct the beam in the
desired location (see figure 18(a)). For the equatorial antenna
the launching mirrors are capable of covering a steering range
of 35° in the poloidal direction and 50° in the toroidal dir-
ection, while for the upper antenna the ranges are 55° and
45° respectively. Several R&D activities are undergoing as
the selection of the actuator for M2, the design of driving
mechanism and the identification of the position sensors. A
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Figure 18. Side view of upper and equatorial antenna of one ECH
cluster (a); launcher mirror (M1) raw blank from additive
manufacturing (front and rear views) (b). Reproduced with
permission from DTT team.

novelty could be the use of an in-vessel actuator for M2: it
is compact to fit the limited space available inside the ports,
does not require mechanical vacuum feedthroughs, it is light-
weight, fast (1°/50 ms) and has an accuracy in the position-
ing better than 0.1°. The present candidate is a piezoelectric
walking drives [46], with the main drawback of low driving
force in an environment where magnetic torques can be very
high.

Torques are due to the interaction of the static magnetic
field with the currents induced in the mirrors by variable mag-
netic fields, as the non-axisymmetric in-vessel coils for plasma

transmitters

hybrid
couplers

antenna

Figure 19. Layout of the ICH system of DTT and antenna front
(part of the Faraday screen was omitted to make the interior visible).
Reproduced with permission from DTT team.

control, and especially in case of plasma current quench dur-
ing disruption events [47]. To minimize the resistive forces act-
ing on the system, different solutions have been also investig-
ated for the launcher mirrors, as different materials and cooling
strategies to reduce weight and eddy currents during operation.
First prototype of M1 in CuCrZr alloy has been realized by
Additive Manufacturing [48], at the DIAM lab, Padova section
of INFN (see figure 18(b)). The next goal is to perform high-
power tests by using the first DTT gyrotron to validate this
manufacturing technique, capable to realize challenging cool-
ing channels and to reduce costs.

4.3. ICH system

The ICH system of DTT is organized in modules, each made
of four transmitters and two antennas. A panoramic view of
the first module is depicted in figure 19. The system is aimed
at providing RF power in the frequency range between 60 and
90 MHz [49] to be delivered for:

« DTT experiments: around 1.5 MW per antenna for the ion
heating in the reference scenario, mostly via *He or H minor-
ity heating. A contribution to applications beyond heating,
especially the generation of fast particles, is expected too.

« Wall conditioning: less than 100 kW per antenna for wall
cleaning and deposition of materials with low atomic num-
ber over DTT FW (i.e. boronization).

In DTT a plug antenna, thus with size smaller than port
cross-section, would have to operate at power densities never
achieved so far with H-mode ELMy plasmas, as reported in a
survey described in [50]. Having a high reliability as require-
ment for ICH power coupling, an antenna solutions larger than
the port duct has been conceived, requiring remote-handling
system to be installed and then maintained because of DTT
activation after high performance operations. A three-strap
antenna concept was identified as the best trade-off between
available space, maximization of coupled power, and availab-
ility of some control on parallel electric near fields and on low
parallel wavevector spectral components. The antenna, whose
geometry is sketched in figure 19, is in the pre-engineering
design phase [50]. Preliminary calculations demonstrate that a
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power larger than 1.5 MW can be coupled over most of the fre-
quency range with a radially movable cantilevered launcher,
operating at 30 mm from the separatrix. The poloidal curvature
of the antenna does not follow the separatrix profile in the ref-
erence scenario, but it is slightly relaxed to allow the launcher
to park behind the FW when not in use. Several critical aspects
are under assessment as for example antenna materials and
cooling.

As far as plasma facing components are concerned,
uncooled Faraday screen bars do not exceed the recrystalliz-
ation temperature only if made of TZM. As to antenna side
limiters, a heat load of 2.5 MW m~2? was estimated, push-
ing for the use of ITER divertor technology, i.e. Tungsten
monoblocks, but more accurate 3D evaluations of the particle
flux are ongoing. The interface with the RH system and the
development of quick RF connectors for the antenna feeds
are the major points of concerns because they require a sig-
nificant development. A modification of the RHS dexterous
arm is under consideration to operate with the heavy antenna
frontend.

The design of RF feedthroughs focused on two compet-
ing solutions that consist in alumina windows either with a
conical shape or based on a disk with non-uniform thickness.
Preliminary thermo-mechanical analyses suggest that active
cooling is not necessary if the feedthrough is outside the port
plug, i.e. it can rely on natural convection, and its main struc-
tures, made of titanium and stainless steel, are coated with cop-
per or silver.

RF lines will rely on standard uncooled 9 3/16” rigid
coaxial cables with characteristic impedance of 50 Ohm over
most of the line and 30 Ohm close to the antenna. The precise
position for the variation of characteristic impedance is being
studied. Classical impedance transformers are envisaged with
an external ELM-resilient matching scheme based on 3 dB
hybrid couplers [51]. Hybrid coupler outputs are connected to
the straps of different antennas.

Unlike ITER transmitters that still rely on tetrode-based
cavity amplifiers, those for DTT will be completely based on
solid-state technology. To the best of authors’ knowledge, they
will be the first ones of this kind, i.e. with such an unpre-
cedented combination of power, frequency range and pulse
duration for such technology. Such choice is the result of a
deep internal discussion and a market survey that highlighted
its numerous advantages such as reliability, lifetime, modular-
ity, redundancy, absence of high voltage and x-ray shielding,
easy maintenance, large-scale production of the active com-
ponents, and reproducibility of equivalent spare parts. Taking
into account technology maturity, documented efficiency of
ICH systems, and some design margin, a conservative output
power of 1.2 MW per transmitter was defined with a slew rate
of the order of 0.5 ms and shutoff time of a few us.

4.4. The NBI system

The negative ion based NBI represents one of the most com-
plex and challenging subsystems of the DTT project. It is
meant to inject into the plasma deuterium neutrals (D°) with
an energy of 510 keV and a total power of 10 MW. The beam
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Figure 20. Overview of the conceptual design of the beamline for
the DTT NBI (2023 status). Reproduced with permission from DTT
team.

enters the plasma tangentially in the same direction of the
plasma current, with an average tangency radius ~ 1.95 m,
corresponding to an injection angle of 35° at the radius
of 3.4 m. In order to enlarge the NBI operational window
to lower plasma densities, the system is being designed to
allow beam energy and power modulation, thanks to elec-
trostatic grid optical optimization. In the considered plasma
scenarios, shine-through losses become significant only below
1 -10?° m—3, which is half the reference line-averaged plasma
density [52].

An overview of the current conceptual design of the beam-
line for the DTT NBI is given in figure 20.

The design adopted for DTT NBI, i.e. the assembly of the
accelerator and ion source connected to the back part of the
VYV is similar to those of JT-60 [53] and LHD [54] with an
air-insulated beam source. This solution was selected to max-
imize reliability and availability by simplifying the design and
improving beam source accessibility. The differences in the
DTT NBI design from the previous schemes is in the type
of ion source: in fact, the same concept adopted for ITER,
based on Radio Frequency source, mainly developed by IPP
Garching [55], is proposed to be used. The beam line com-
ponents, composed of the Neutralizer, the Calorimeter and the
residual ion dump, will be ITER-like too, whereas any large
flanges will not be included in the VV in order to reduce cost
and weight.

The DTT NBI is required to operate with high effi-
ciency in several operating scenarios, i.e. in a large range
of beam energies, between 10% and 100% of the nom-
inal value (510 keV). To reach this challenging goal, an
innovative accelerator concept has been developed, based on
the Spherical and Lemon Hyperlens Grid concept [56]. The
implementation of this design concept of the accelerator is
possible only thanks to recent improvements of the addit-
ive manufacturing technology, which permits to build more
complex geometries that were not feasible using traditional
techniques [57].
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The electrostatic acceleration is to be implemented with
grids of increasing potentials from —500 kV to 0 kV. A dedic-
ated power supply, the acceleration grid power supply (AGPS)
made of three stages of 167 kV each in series, is foreseen to
provide the required voltages and currents (60 A). Since the
grids are spaced at the limit of the voltage holding in vacuum,
breakdowns between the grids are expected to occur fre-
quently. The AGPS must withstand these events, by interrupt-
ing the delivery of the power to the load as quickly as possible,
to limit the energy transferred to the arc, which could damage
the grids. Two possible schemes for the AGPS are under evalu-
ation. In addition to a solution based on ITER/MITICA AGPS,
an alternative option is being considered. It would deploy the
modular multilevel converter (MMC) technology, which is
used in HVDC transmission, but would be a novelty in the
field of HV power supply for NBIs [58, 59]. However, since
the submodules of the MMC are air-insulated, the volume
occupied by the converter would not be compatible with the
existing buildings assigned to the AGPS. A possible solution
would consist of installing the AGPS in a free area far from the
tokamak and connected to the load with HV coaxial cables,
about 700 m long. This alternative is at present under careful
evaluation [60].

A third relevant innovation of the DTT NBI, compared
to the existing devices, regards the vacuum pumping system,
which will be based on non-evaporable getter (NEG) pumps
[61]. This will represent the first application of the NEG tech-
nology to an NBI for the heating and current drive system
of a fusion experiment, with a possible simplification of the
overall construction compared to typical solutions with cryo-
genic pumps. The design has been optimized in terms of the
most relevant aspects, i.e. the pumping capability, the margin
against danger of deuterium ignition and the margin against
embrittlement of the getter material. Based on the prelimin-
ary study carried out so far, it appears that the usage of the
NEG pumps in DTT NBI could be possible, as all the DTT
NBI requirements could be achieved with this system. More
detailed studies on the optimization of cartridge number and
layout, thermal aspects, maintenance strategy, electrical con-
nections and mechanical supports will be carried out in the
next future.

Various design options have been considered for the whole
system and a comprehensive set of simulations has been car-
ried out, using several physics and engineering codes to guide
the choice of the most suitable design options and to optimize
them, with the aim of finding a good compromise among dif-
ferent design requirements. These simulations regard mainly
the efficiency of the main processes, the optics of the beam,
the physics reactions along the beamline (stripping, charge-
exchange and ionization), the thermo-mechanical behaviour
of the acceleration grids and the coupling between the beam
and the plasma in the tokamak chamber. Based on the current
design, the wall-plug efficiency of the whole NBI system is
foreseen to be around 35%. This is the product of the main
efficiency of the system, i.e. auxiliaries/extraction efficiency
(90%), accelerator efficiency (80%), beam source/neutraliser
entrance transmission efficiency (95%), neutralizer efficiency
(55%) and beam line/duct transmission efficiency (95%).

Figure 21. DTT project buildings. Reproduced with permission
from DTT team.

5. Balance of plant

The Balance of Plant includes all plant infrastructural/support-
ing facilities and auxiliary/utilities systems needed to keep the
plant running stably and efficiently. This includes the cooling
system, the buildings and site modifications, the electrical dis-
tribution system, the Control/Safety, the Telecommunication
and Security Systems.

DTT is a ‘brown field” project that will involve existing
building and facilities.

The new buildings amount to about 150.000 m* and the
existing buildings to be adapted for the DTT systems amount
to about 12.000 m? (figure 21). The definitive design has been
completed and will be followed by the verification by a third
party. The call for tender will be launched in 2024. A number
of preparatory activities are ongoing to facilitate the execution
of the new building construction and de-risk the project sched-
ule. Specifically, two contracts for the opening of the new con-
struction site gates and the demolition of two buildings will be
placed for this purpose.

The electrical network system has to provide ‘steady’ loads
with an absorbed power of 40 MVA and ‘pulsed’ loads with an
absorbed power of about 250 MVA. As shown in figure 22 a
High Voltage line is foreseen from the point of connection of
the National Grid at 150 kV to the new 150/20 kV main sub-
station (SS0) followed by a medium/low voltage line to 5 dis-
tribution substations (SS1-SS2—-SS3-SS4-SS5). There is also
an emergency power generation system composed of a few
emergency diesel generators, which supplies part of the low
voltage loads in case the main supply is unavailable, and the
uninterruptible power systems to supply the safety and vital
loads.

The DTT cooling system has been designed on the basis of
the assumption of a flat top at maximum parameters up to 50 s
and maximum dwell time for high performance of 3600 s.

The VV temperature during normal operation is up to
60 °C. Baking can be carried out either at 110 °C using water
and 200 °C using nitrogen.
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Figure 22. DTT electrical network system. Reproduced with
permission from DTT team.

6. Preparation of the research plan

The DTT design and construction activities are accompan-
ied by intensive physics studies, carried out by various Italian
institutes with international collaborations, including the-
ory, scenario modelling, diagnostics and control schemes
developments. Building on these studies, the first version of
the DTT research plan (DTT-RP) has been prepared by a
European team, involving more than 90 participants from vari-
ous EUROfusion partners, and will be publicly issued soon.
It should be stressed that the DTT-RP is a living document,
which will be regularly updated during the construction phase
and which will constitute the basis for the construction of the
DTT scientific programme and of subsequent device upgrades.
It will also catalyse and guide the research activities in prepar-
ation of the experimental phase. In the elaboration of the DTT-
RP, ITER and EU-DEMO groups have been informed and con-
sulted. In the future, the participation of international partners
will be very welcome and is expected to enrich the scientific
vision and programme of the DTT project.

The DTT-RP document describes the objectives and
research strategy of the DTT experiment, culminating in a
set of programmatic headlines, organised following the main
research phases of the device, characterised by the progress-
ive upgrades of the heating power and other sub-systems. The
main top-level headlines of the DTT scientific contribution to
the European fusion programme, in support to ITER and in
preparation of DEMO are the following:

e Development and assessment of baseline and advanced
scenarios for the various divertor configurations available,
at nominal field and current, for performance comparison.

e Development of scenarios at half field and current, with 2nd
harmonic ECRH heating, to study high Sy regimes. These
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studies, carried out in a full tungsten device, will comple-
ment those performed by JT-60SA with carbon PFC.

e Extensive disruption and runaway electrons studies, includ-

ing mitigation by SPI, in support of ITER.

Detached regimes optimization and control by impurity

seeding in various scenarios.

e Evaluation of A\ at high TF; comparison with theory and

scalings.

Development of small/no ELMs scenarios and their control

with non-axisymmetric coils and pellets.

e Wall erosion, W migration, D retention and removal studies
and assessment in view of application to DEMO.

e Extensive testing with the Divertor Test Modules for new
FW and divertor materials.

e Transport, MHD, EP physics studies with reactor relevant
dimensionless parameters.

Details of the Research Plan can be found in [12].

7. Conclusions

DTT is in the construction phase with about one third of
the construction budget already committed in industrial con-
tracts. All the permissions for the construction have been gran-
ted together with the licensing for cat. A ionizing radiation
source. The design of the new buildings has been completed
and that of the electrical distribution system (including the new
150 kV/20 kV switchyard) is being completed and in 2024
the call for tender for both will be launched. The construc-
tion of the 150 kV line has been approved and is in progress.
The characteristics of the first divertor have been agreed with
EUROfusion and the engineering activity is progressing. The
preparation of the Research Plan has started in collaboration
with all the EUROfusion laboratories.
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Appendix. Day 0 diagnhostic systems

Diagnostic systems

Measured parameter

Tomography and SXR imaging

Bolometers cameras core and divertor (160 channels/200 total)
SXR Sensors (70 channels/100 total)
SXR Imaging

Radiation Total, profile
SXR profile
Fluctuations, MHD—SXR profile

Interferometry and polarimetry

Interferometer Vertical (Central LOS) (4-5 cords)
Interferometer Tangential

Fluctuations, electron density
Fluctuations, electron density

Active and passive spectroscopy

Charge Exchange and Diagnostic Neutral Beam ChargeExchange

(CXRS)

Diagnostic Neutral Beam Injection (DNBI) and MSE Polarimeter

SXR Crystal spectrometer
SXR spectrometer (XUV1) and (XUV2)
Visible D alpha array and Divertor

Visible spectrometer survey and Divertor
Visible Z¢fr Bremsstrahlung

VUV Spectrometer Edge
VUV Spectrometer Survey

Ion temperature, Profile: core/pedestal/SOL Rotation,
toroidal—poloidal

Safety factor, Current profile

Impurities, density profile

Impurities, species monitoring

Neutrals Density and Fluctuations ELMs and L-H transition,
Recycling

Wall, chemical composition monitor, isotope ratio/Impurities,
radiation power of each species and ionition front (Divertor)
Impurities, Z.gr profile

Wall, density and detachment and enrichment

Impurities, species monitoring

Diagnostic systems

Measured parameter

Neutrons and gammas

Neutrons Activation Foils
Neutrons Yield Monitors

Neutrons, Yield
Neutrons, flux monitor

Magnetic sensors

Biaxial LTCC Coils IN-VESSEL

Biaxial Pick-up Coils EX-VESSEL and IN-VESSEL and
DIVERTOR

Current Shunt IN-VESSEL and DIVERTOR

Diamagnetic Loops Compensation Coils EX-VESSEL and
IN-VESSEL

Diamagnetic Loops EX-VESSEL and IN-VESSEL

Flux Loops EX-VESSEL and IN-VESSEL

Hall Probes EX-VESSEL

Optic Fibre Plasma Current—EX-VESSEL

Partial Rogoski Coils IN-VESSEL and DIVERTOR
Rogoski Coils EX-VESSEL

Saddle Loops EX-VESSEL

Plasma shape & equilib. Reconstruction—Vertical speed
estimation—MHD fluctuation

Plasma curr. & centroid posit. Estim.—Plasma shape & equilib.
Reconstruction—Vertical speed estimation

Halo and Eddy currents

Plasma magnetic energy estimation

Plasma magnetic energy estimation

Plasma shape & equilib. Reconstruction—Loop voltage
estimation—Eddy current estimation

Plasma shape & equilib. Reconstruction—Magnetic calibration
Optic fibre plasma current measurement

Halo and Eddy currents

Plasma Current

Backup for: Plasma shape & equilibrium reconstruction—Error field
reconstruction

Embedded, IR/VIS cameras and PWI diagnostics

Cameras IR SLOW

Electron temperature, First Wall and Divertor
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(Continued.)
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(Continued.)

Diagnostic systems

Measured parameter

Cameras IR FAST
Cameras VIS
Langmuir probes FW EXTERNAL—INNER

Langmuir probes DIVERTOR

Long Term Samples (LTS)

Microbalance probes redeposition

Neutrals Gas Analyzer

Optical sensors of deformation-strain sensors (FOS) DIVERTOR
Penning spectroscopy

Thermocouples DIVERTOR

Thermocouples FW EXTERNAL and INNER

Electron temperature, First Wall and Divertor

Wall, sources and main gas/Offline inspection

Electron density & electron temperature, density (low power)
profile/leg position

Density electron & Temperature electron, density (low power)
profile/leg position

Wall, Plasma Wall Interaction

Wall, ri-deposition layers

Neutral Gas Composition

Strain and stress deformation

Gas pressure and composition (Divertor)

Wall, temperature

Wall, temperature

ECE diagnostics

ECE Electron Cyclotron Emission Radiometer and Michelson
Interferometer

Temperature electron, Profile and Temperature electron, Profile (fast)

Reflectometry

IN-VESSEL Reflectometry Density Profile Reconstruction (DPR)

Density profile

Thomson scattering systems

Thomson Scattering Core-Edge (Inner) LIDAR

Density electron Profile/Temperature electron Profile
(core/pedestal/SOL)

Diagnostic systems

Measured parameter

Run aways diagnostics

Runaway Electron Imaging Spectrometer (REIS)

RunAways electrons spectrum

Fast particles diagnostics

Hard-X-rays/Gammas Rays Monitors

Hard-X and Run-Away Monitor
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