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Abstract
This paper is dealing with the physics basis used for the design of the Divertor Tokamak Test
facility (DTT), under construction in Frascati (DTT 2019 DTT interim design report (2019))
Italy, and with the description of the main target plasma scenarios of the device. The main goal
of the facility will be the study of the power exhaust, intended as a fully integrated core-edge
problem, and eventually to propose an optimized divertor for the European DEMO plant. The
approach used to design the facility is described and their main features are reported, by using
simulations performed by state-of-the-art codes both for the bulk and edge studies. A detailed
analysis of MHD, including also the possibility to study disruption events and Energetic
Particles physics is also reported. Eventually, a description of the ongoing work to build-up a

Research Plan written and shared by the full EUROfusion community is presented.

Keywords: plasma, experiment, theory

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

1. Introduction

Divertor Tokamak Test (DTT) is a tokamak with the com-
plete magnetic system realized by superconductors coils, with
a maximum vacuum toroidal magnetic field of By = 5.85 T at
the plasma geometrical center, carrying plasma current up to
Ip = 5.5 MA and with an overall magnetic driven pulse length
up to 100 s [1]. The DTT poloidal system is composed by six
central solenoid (CS) modules, by six external poloidal coils
(PCs) and by five internal coils, all of them independently fed.
The toroidal coils, the CS coils an two of the PC coils are
realized using Niobium Tin (NbsSn) and the rest of the PF
are made by more standard Niobium Titanium (Nb3Ti). This
high flexibility in the poloidal circuits mirrors in the capabil-
ity to obtain practically every kind of desired magnetic equi-
librium configurations. Single Null (SN), X-divertor (XD) and
Negative Triangularity (NT) (in order of priority) are presently
under study by using the most updated modeling codes, like
JINTRAC [2] or ASTRA [3, 4], and by using as transport mod-
els TGLF [5] or QuaLiKiz [6]. Double Null (DN) configura-
tions are also in principle feasible, but a top divertor is not
presently foreseen. It could be installed in a later phase, since
there is space to allocate it on the Vacuum Vessel (VV) top
[7, 8] The reference SN D-shaped toroidal cross section has a
major radius R = 2.19 m, minor radius a = 0.70 m, an elong-
ation k ~ 1.7 and an average triangularity at the separatrix
§SEP ~ 0.48. In order to fulfill its main target, i.e. studying the
integrated core-edge power exhaust problem, DTT is equipped
with an auxiliary heating power, coupled to the plasma, up to
a nominal level of 45 MW that is provided by a mix of three
different heating systems: Electron Cyclotron (ECRH), up to
29 MW at 170 GHz, Ion Cyclotron (ICRH), up to 6 MW in the
range 60-90 MHz and Negative Neutral Beams (NNBI), up to
10 MW at 510 keV [8] (installed powers). This heating power
allows to get Psgp/R ~ 15 MW m~! (where Psgp is the power
crossing the separatrix) matching with the ones expected on

ITER and the maximum value that will be allowed by the
present materials on DEMO. The simultaneous use of ICRH
and NNBI allows generating an Energetic Particles (EPs) pop-
ulation with energy density comparable with that of the core
plasma and characteristic energy more than the critical energy;
that is the energy at which the EP slowing down rate on thermal
electrons balances the pitch angle scattering rate of thermal
ions [9]. These are the distinctive features of reactor relevant
burning plasma [10, 11] that will be accessible in DTT.

The primary mission of DTT is to study the plasma exhaust
and the tokamak divertor performance with a divertor power
and particle flow conditions relevant to ITER [12] and DEMO
[13, 14], and to perform these studies in regimes in which high
performance plasma core and large Scrape Off Layer energy
(SOL) flux will have to coexist. To attain this objective, all
the Plasma Facing Components (PFCs) will be made of act-
ively cooled tungsten: the divertor will be realized by shaped
W monoblocs (to maximize the surface and to protect the
monoblocs corner), whilst the First Wall (FW) will be realized
either by monoblocs (in regions where high energy fluxes are
foreseen) or by W coatings. The VV is a double shell chamber
with water flowing inside. During the experiments the cool-
ing water for the FW and the VV will be at a temperature of
80 °C. In four toroidal location it is foreseen the possibility to
facilitate the use of Test Module Divertor (TMD) to quickly
test new ideas for the divertor materials and partially for the
Plasma Facing Units (PFUs) shaping. An extensive use of flu-
ids codes (like SOLEDGE and SOLPS) has allowed to design
a first DTT divertor capable to fit with all the three planned
main configuration (SN, XD, NT) and to study at best their
most important features. The possibility to achieve detached
plasmas has been observed. Although DTT, working at high
performances, is foreseen to have a medium value of Sy, by
working at reduced performances (Br = 3T to best use the
second harmonic of the ECRH) high Sy advanced confine-
ment scenarios will be accessible. In this way, in addition to
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its primary mission, DTT will be complementary to JT-60SA
to study advanced confinement scenarios in a full W envir-
onment. Working in parallel at ITER [15] and with similar
PFU and main heating, DTT will also support the ITER exper-
iments and/or tackle problems such as, for instance, the disrup-
tion mitigation. To this end, the VV and the other mechanical
components have been designed to sustain a very large num-
ber of disruptions. DTT has been designed to provide a facil-
ity for high performance tokamak physics and to address core
confinement and stability issues in a variety of plasma con-
figurations, all along the ITER life and during future fusion
reactor design. Consequently, to fulfill this task, DT will need
the support and the ideas of the largest possible scientific com-
munity. For this reason, a first version of the DTT research plan
is presently under realization with the contribution of about
100 European scientists, with the idea of including a larger
international community in the development of the following
versions.

2. DTT Reference plasma scenarios

In order to reproduce, on a scaled experiment, the most import-
ant core and edge dimensionless physics parameters, the nor-
malized pressure [, the normalized Larmor radius p* and
plasma collisionality v*, plus the average temperature should
be preserved [16, 17].

However, using the collection of p*, 8, v* and T, on the
other hand, makes it impossible to define a non-trivial set
of similarity experiments. Thus, the attempt of extending the
conventional similarity argument to burning plasma relevant
experiments yields the apparent paradox that only the trivial
solution exists, for which ITER, for instance, relevant burning
plasma physics issues can be addressed in ITER only. By con-
sidering these facts, the reference DTT plasma scenarios have
been designed by using the ‘weak similarity’ approach [18,
19], which has allowed to suitably rescale plasma parameters
with respect to those of ITER, while still addressing the rel-
evant integrated physics. “Weak’ here is to be intended as in
its rigorous mathematical definition, i.e, an argument reprodu-
cing a general result under less stringent assumptions, which
are relaxed in a controlled way and yield the original ‘strong’
result in the appropriate limit. This can be done in two ways:
one is based on assuming that p*, R, 8 and v* are fixed (to
those in ITER) and appropriately rescaling 7 with respect to
the ITER reference value; the other assumes that that p*R®,
B and Tsp/7g (being Tsp and T respectively the EPs particle
slowing time and the energy confinement time) are fixed (to
those in ITER) and, as in the former case, appropriately res-
cales T with respect to the ITER reference value. One easily
obtains that the two approaches give very similar results; how-
ever, while the first approach is aimed at preserving core-edge
nonlinear plasma couplings, the second one is justified in terms
of focus on the physics of plasmas with predominant fusion
alpha particle self-heating. Since the main target of DTT is
the study of the integrated core-edge physics to find a solution
for the power exhaust problem, the former approach has been
initially used to work out the main machine parameters.

The extensive use of state-of-the-art integrated modeling
tools, such as JINTRAC or ASTRA, with the transport models
TGLF or QuaLiKiz has confirmed the robustness of the initial
parameter selection. In table 1 and in the spider plot (figure 1)
some of the most important DTT parameters (the normalized
p* and v* evaluated at mid radius and at the pedestal, the nor-
malized total Sy, the central EPs normalized Larmor radius
and [, the total power and the total power normalized to the
plasma machine major radius, the density Greenwald density
limit, the operational gos) are reported versus the ones expec-
ted for ITER and DEMO. One can see that the DTT parameters
are of high relevance for both ITER and DEMO. In particular,
the combination of high current (i.e. high confinement) and
high power (i.e. high temperatures) allows the DTT plasmas
to combine high density with low collisionality at the pedes-
tal top and high collisionality at the separatrix, matching the
conditions expected in a tokamak reactor. In combination with
the full tungsten walls and with reactor relevant EP dimension-
less parameters, these properties put DTT in a unique position
to address critical open questions on the integration among
core, edge (pedestal) and SOL, still a big challenge towards
the definition of the operational point of a fusion reactor.
Furthermore, DTT will be capable of addressing many of the
EP physics issues that are peculiar to reactor relevant fusion
plasmas; e.g. the unique role of EP as mediators of spatiotem-
poral cross-scale couplings in fusion plasma self-organization
[10, 11]. Integrated modeling using JINTRAC and ASTRA
has allowed to work out the detailed expected profiles and their
temporal evolution for temperatures 7. and T, density n., cur-
rent density J, rotation wyoy and two impurities (a light one i.e.
Ar, Ne or N, and a heavy one, i.e. W). Details of the meth-
odology of these simulations can be found in [20, 21]. The
transport equations were solved within py,, = 0.94 (pedestal
top) and the pedestal calculated with EUROped [22]. TGLF-
SAT?2 was used as turbulent transport model and FACIT [23]
for impurity neoclassical transport. With respect to the simula-
tions in [20], the simulations presented here have an updated
equilibrium, following the recent decision to move upwards
the plasma by about 12 cm to accommodate a new divertor
design, and a broader ECH deposition, optimized for the use
of pellet fuelling, as discussed in [24]. Plasma edge boundary
conditions were tuned to obtain SOL parameters that guaran-
teed divertor plasma detachment; the light impurity concentra-
tion required to obtain these conditions at the divertor implies
aradiated power fraction in the confined region of about 30%.
Full power scenarios have been simulated, as well as those
scenarios with reduced power, magnetic field and current, that
will characterize the early phases of operations.

For the full power, full field, full current scenario, at
flat-top, values of T ~ 12 keV, Ty ~ 10 keV, and
neo ~ 2.5 102 m~3 are reached in the core. Figure 2 shows
the predicted profiles of the main plasma parameters for the
full power scenario (E1) using both the TGLF SAT?2 and the
QuaLiKiz models. Figure 3 shows the power deposition pro-
files. It has to be noted that T is slightly larger than T, which
is a consequence of the dominant electron heating and of high
ion stiffness. It is also worthwhile mentioning that the DTT
NNBI will be super-Alfvénic, mimicking conditions of ITER
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Table 1. DTT, ITER and DEMO main parameters comparison.

DTT ITER DEMO 2018
Psep/R (MW m~") 15 14 18.9
Piot MW) 45 150 450
B (%) 1.8 2.1 25
p* at mid-radius (107 4.1 2.0 1.5
v* at mid-radius (1072) 0.75 0.3 0.3
p* at pedestal (107) 23 1.4 0.8
v* at pedestal (1072) 7 2.2 8
qos 3.1 3.2 3.89
ngw (10°° m=3 3.6 1.2 0.66
Bn
3,0 —&—DTT
b —ip— ITER
DEMO
B 102 P/R
Bras (10°%), 20.0
O 2.2
1[p* 1 (102)] 1[p*peq (102)]

0’5
1/[V*ped (10_2))]

Figure 1. Spider plot of some important parameters for DTT, ITER
and DEMO.

Table 2. Parameters of the scenarios simulated in figure 8.

Sc. A Sc.C Sc. E
I, [MA] 2.0 4.0 5.5
Btor (T) 3.0 6.0 6.0
<ne > sep (m~?) 3.5 4.5 8.0
Pax MW) 8 20 50
<Zett > ped top 14 2.1 2.7
Impurity N Ne Ne

tangential beams. W is strongly screened and does not accu-
mulate in the center. In the configurations at high current and
high performances the g profile features a large central zone
where g ~ 1, consequently large sawteeth with a frequency
~1.5-2 Hz characterize the inner half of these high current
plasmas (see figure 4). In the full power standard H mode scen-
ario DTT has a very high-pressure pedestal. Utilizing existing
type-1 ELM scaling laws, we expect AWgpm/Wpeq = 9.6% and
hence AWgm = 0.34 MJ [20].

The edge is very opaque, which makes very difficult to
feed the plasma density by the standard gas injection. For this
reason, fueling the full power scenarios requires pellet injec-
tion: obliquely injected pellets from the High Field side, with
dimensions and velocities » = 1 mm, v = 516 m s~ ! and

______ TGLF with Ar
03 10+ g [EET Gk wihAr L8 0l TGLF with Ar
- SR £ 2
SE— g Kos
ot .. &1
10+ == Eoo
_— Y E
g s . £ 2 ¢
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& 2t TTTean N [
2 X — 25
0N ¥ 5
E N 20
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B | ===z g~
e S = Eo5
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= Y, —
L5 3 1.0¢
g Ll g ="o
38 2 " lg=1 BT
8 S = o éo.s»
000 02 ool ols” 1o ool
normalised Otor Yo e oa s os o

Figure 2. Radial profiles for the E1 scenario flat-top phase: (a) of
the electron and ion temperatures, electron density, toroidal rotation,
and safety factor absolute value, with turbulent transport calculated
by TGLF SAT?2 (solid orange lines) or by QLK (dashed red lines)
with argon; (b) profiles of the seeding impurity and tungsten
densities, effective charge, radiative power density, and radiative
power, calculated by TGLF and FACIT.

2.00 P_ECH_e 135
—-= P_(ICH+NBI)_e
175 --- P_(CH+NBI_i 130
X 150 —— P_Ohm (~1.5MW)
£ M P_rad (~12.2MW) 2.5
-+ P_ei (~15.9MW)

5 & B Lo
ECH power dens. to elect. [W/m™ x10°]

o
&

5
s

Figure 3. Radial profiles of power densities for the full power SN
scenario: ECRH power deposited to electrons Pecrue, NBI and
ICRH power deposited to electrons Pcru-+ngie, NBI and ICRH
power deposited to ions Pcru+NBI)i, Ohmic power Ponm, radiative
power P4, and thermal exchange power between electrons and ions
Pei (from the TGLF-SAT?2 simulation).

o
=3

Teaxis [keV]
s ®
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N
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\,
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Figure 4. Time evolution of the electron temperature at the plasma
center Tep during a sawtooth.

frequencies of 10-20 Hz, are found suitable for maintaining
the required density profile [24]. Simulations of the full-time
history of the discharge are in progress using ASTRA/TGLF
and METIS, to design best paths to access the H-mode, and
to optimize the g profile during the current rise [21]. Finally,
DTT configurations with NT (average <&5> ~ —0.135)
have been studied both with first-principle simulations [25]
and by specific experiments on TCV and AUG using the same
shapes foreseen for DTT [26, 27]. Simulations either using
the gyrokinetic code GENE or the quasi-linear model TGLF
do not show any effect of the change of § on transport inside
Por ~ 85. However, both in TCV and AUG positive effects
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Figure 5. Radial profiles for the C SN scenario flat-top phase (a) of
the electron and ion temperatures, electron density and safety factor
absolute value and (b) of the seeding impurity (Neon) and tungsten
densities, effective charge and radiative power density, with
turbulent transport calculated by TGLF and neoclassical by FACIT.

are seen in the edge region, in L-mode being localized out-
side pr = 0.9 and in the SOL. These edge effects allow the
recovery of central parameters typical of an H-mode. They
could be present also in DTT but are difficult to predict by
present core models (see discussions in [28]). Finally, pro-
files for an earlier phase scenario with full vacuum toroidal
magnetic field (B, = 5.85 T), but with reduced plasma cur-
rent (Il = 4.0 MA) and with an installed external power
of 20 MW (with 16 MW by ECRH and 4 MW by ICRH)
are shown in figure 5. This power is very marginal to enter
H-mode, depending on the amount of radiated power. In the
following we keep radiation low enough to get above L-H
threshold, but an alternative simulation would be possible with
more radiation and L-mode. The modeling was performed
using TGLF-SAT?2 as turbulent transport model and FACIT
for impurity neoclassical transport, within an ASTRA simula-
tion. The transport equations were solved within py,; = 0.89.
Neon was used as seeding impurity. The pedestal pressure was
calculated by the Europed model. The radial profiles of Tk, T3,
ne, safety factor absolute value lgl, seeding impurity density
Nseedimp tungsten density nw, effective charge Z.g, radiative
power density Qy,q are shown in figure 5. Toroidal rotation was
set to 0 due to the lack of NBIL

3. Power exhaust strategy and reference divertor

Power exhaust modeling was performed using linear flu-
ids edge codes coupled with kinetic codes for neutrals.
SOLEDGE2D-EIRENE [29, 30] and SOLPS-ITER have been
carried out to define the divertor shape capable of allocating
the standard SN divertor configuration, the alternative XD,
their long leg variants and also NT equilibria, see figure 6
where a representative figure is shown for all three main con-
figurations. It has to be noticed that for any of the configura-
tions shown in figure 6, several different features can be var-
ied: the elongation, the plasma position the low and the bottom
triangularity, and especially the leg length and the proximity

XD 4.5 MA

NT 4.0 MA

SN 5.5 MA

V‘ r‘

4\

15 2.0 2.5 15 2.0 25 1.5 2.0 2.5

R (m) R (m) R (m)

Figure 6. The three main DTT configurations.

of the second field null for the XD configuration. This large
flexibility in controlling the plasma shape is due to the fact
that the PCs are independently fed and that on the bottom of
the machine 3—4 (the exact number has not yet been decided)
coils are allocated to optimize the local divertor magnetic
topology.

Edge modeling has been done using transport paramet-
ers in agreement with present scaling laws [31, 32] and with
the radial profiles tuned to reproduce present JET and C-mod
experiments [33]. This provides, as much as possible, a reli-
able and robust estimation of temperatures and densities up
to the top of the pedestal, in conditions approaching those of
DTT. A comparison between different divertor shapes in terms
of power exhaust performances have driven to the present
design of the first DTT divertor [34]. The selected shape has
a flat dome and two narrow necks where the strike points of
the SN configuration can be allocated. This choice is com-
patible with all the reference equilibria of figure 6 and will
allow experiments with a full open divertor (for instance in the
NT configuration) and of experiments with the leg positioned
within a narrow neck as well.

The selected divertor shape will allow operation at full
power with noble gas impurity seeding by neon or argon
in Partially Detached (P/D) conditions, with a reasonable
level of impurity content inside the separatrix (na/n. = 1%
or nnNe/ne = 3%—4%) down to negep = 810" m™3 allow-
ing plasma scenarios with a Greenwald density fractions
n/ng = 0.5 [35]. The predicted temperature at the separatrix
is higher (Tsep ~ 200 eV) than in the present experiments.
Modeling has also shown that the most critical condition is
getting a low plasma temperature in front of the target in
order to control tungsten influx, while the maximum power
load is easily below the limit (20 MW m~2) allowed by the
tungsten monoblocks of the divertor. Better performance in
terms of lower impurity content seems possible by operating
the divertor in Full Detached (F/D) conditions but this reduces
the neutral pressure at the pumps entrance. This point is illus-
trated in figure 7, where two P/D and F/D SN full power cases
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Figure 7. DTT detached condition compared with the ITER ones.
Circle indicates detached situation.

are reported in comparison with ITER conditions [36]. As in
ITER, detachment is achieved with a very high neutral pres-
sure (10-20 Pa), but this pressure is nearly halved moving from
P/D to F/D. Interestingly, the better performances in F/D is
achieved by a higher level of radiation, which does not cor-
respond to a higher impurity content but to a wider low tem-
perature region in the divertor and a high radiation close to
the X-point, realizing conditions similar to those of the X-
point radiator (XPR) configuration. The detailed neutrals dis-
tribution has been used to realize a complete simulation of the
pumping condition [37] for the characterization of cryopumps
system and the optimization of the sub-divertor region, in order
to maximize the pumping capability. The achievement of P/D
and F/D conditions is easier at similar n/ng = 0.5 in the initial
phase of the DTT operation, not only because of the reduced
available power, but also due to the higher transport expected
at lower toroidal magnetic field and plasma current. Indeed,
some modifications are foreseen in terms of operating scen-
ario; in particular, in the initial phase with B, = 3 T, nitrogen
gas seeding provides good performance with low contamina-
tion and the pumping speed must be reduced to avoid a top
pedestal density too high. Figure 8 shows the Z.y required
to obtain partial and full detachment in three different oper-
ational phase scenarios: (a) low current and low field; (b) low
current and reference field; (c) high current and high field.
The results have been obtained by a simulation performed by
the SOLEDGE2D-EIRENE code and by using Neon as a con-
trolled impurity. As it can be observed, the Z.¢ value increases
when the plasma performances increase and it tends to peak
when approaching the separatrix. The scenario details and the
modeling activity are fully described in [20], and the main
scenario parameters are listed in table 2.

4. MHD Stability

Simulations for MHD stability studies are carried out for
DTT Full Power [38] (on axis magnetic field By = 5.85 T
and plasma current /, = 5.5 MA) and reduced current/field
(Bo = 29T, I, = 2.0 MA, also named Day0) operational
scenarios, utilizing the positive triangularity (PT) configura-
tion (figure 9 shows the safety factor and pressure profiles for
the two scenarios, red continuous curves for Full Power, blue
dashed curves for Day0). To this aim, plasma equilibria, as
obtained by 1-D transport solvers (e.g. JINTRAC or ASTRA)

-0.04 -0.03 -0.02 -0.01 0 0.01 0.02

Distance from separatrix [m]

Figure 8. Zr profile for three different configuration P/D and F/D.

have been refined obtaining high-resolution fixed boundary
equilibria using the equilibrium solver CHEASE [39]. This
code supplies the equilibrium quantities and the metric tensor
to different stability codes; for the purpose of these analyses,
the MARS [40] code has been used. MARS solves the full lin-
ear, resistive MHD equations, in a two-dimensional, axisym-
metric toroidal geometry defined in flux coordinates (s, x, ).
Here s = (1—/taxis) 2 represents the poloidal radial-like nor-
malized coordinate, such that s = 0 on axis and s = 1 on the
plasma edge; the variable 1 is the poloidal flux function, y is a
generalized poloidal angle assigned by choosing the Jacobian
of the transformation from Cartesian to flux coordinate and
 is the geometrical toroidal angle. MARS can also consider
a vacuum region between the plasma last closed surface and
a perfectly conducting wall, assumed to be conformal to the
plasma last closed magnetic surface. The outcomes of thor-
ough electromagnetic and transport investigations [20], reveal
crucial parameters related to MHD in the scenario. In partic-
ular, considering the Full Power scenario, the safety factor q
exhibits a relatively flat profile around the plasma center, with
its value on the axis (go) being approximately go ~ 0.7. At
the plasma edge, gos9, = 2.8, and the ¢ = 1 surface is located
at a rather large radius (see figure 9). The toroidal /3, defined
as 2o < p>/By, is = 1.89%, where py is the vacuum per-
meability constant, By the on axis magnetic field and <p> the
pressure averaged on the plasma volume. The pressure peaking

pol/< p>, with pg the pressure on axis, is approximately equal

to 4. Because of the ¢ = 1 surface inside the plasma, an internal
kink is expected: indeed, this result is confirmed by the MARS
code, as can be seen by the left-hand side (1.h.s.) of figure 10.
For the example shown, a vacuum region around the plasma
is considered, placing the ideally conducting wall at rexy = 3
(here rey is defined as the ratio b/a, where a is the plasma
minor radius and b is the wall minor radius). This value, for the
purpose of such investigations, can be considered as a no-wall
situation. The growth rate y of the internal kink (normalized to
the inverse of the Alfvén time 7509 = Ro\/ (topo)/By, with pg the
on-axis mass density), is shown in the r.h.s. of figure 10 as a
function of the wall position rey. It is worth noting that such a
large g = 1 position poses some concern on the large sawtooth
crashes that could be induced by such an internal kink mode.
On the other hand, the addition of sawtooth model in a trans-
port code is a work in progress which could resultina g = 1



Nucl. Fusion 64 (2024) 106040

F. Crisanti et al

0.005

Figure 9. Safety factor and pressure profiles for the Full Power
(red, continuous curves) and DayO0 (blue, dashed curves) equilibria.

5 0.0015
qs) RO I
m,n YAU
4 0.025
0.001 .
e °®
L]
3 0.02 .
0.0005  0.015| ®
2
0.01
1 0
0.005
0 0
0 02 04 06 08 1 1 15 2 25 3

Figure 10. L.h.s: contravariant components of the perturbed
velocity v, »(s) for the internal kink (m,n) = (1,1) and the safety
factor g vs s at rext = 3. R.h.s: internal kink growth rate normalized

to the inverse of Alfven time Tag (Tao = Ro\/(uopo)/Bo), po 1S mass
density) vs the wall position.

smaller radius, thus allowing a better control by external heat-
ing sources [20]. Further MHD stability investigations have
continued increasing the toroidal mode number n where the so-
called infernal modes have been evidenced. These modes are
known to be responsible for limiting the achievable perform-
ance of tokamak devices [41]. The infernal mode is a pressure
driven internal MHD instability, characterized by low to inter-
mediate toroidal n and poloidal m mode numbers, which is
excited in a region of low shear and high-pressure gradient.
Examples of radial perturbed velocities v*,, ,(s) for infernal
modes as obtained by MARS for this scenario are presented in
figure 11. The position of the infernal modes w.r.t the safety
factor profile is represented in figure 12 L.h.s. Moreover, the
oscillatory behavior of the infernal modes growth rate, with
respect to n (here considered as a continuous parameter), is
depicted in figure 12 r.h.s.

For comparison, the growth rate of the internal kink is also
reported with a red dot. As a conclusion, the infernal modes
oscillatory behavior in n makes it difficult to predict which n
value will give the most unstable mode. When resistivity is
added in the analysis, the qualitative and quantitative beha-
vior of the mode exhibits little changes, and no specific res-
istive modes are observed. The resistivity barely affects the
growth rate of the resistive internal kink that slightly decreases
when 1/S (the inverse of Lundquist number) decreases, (see
figure 13). Similar analyses have been performed for the Day(Q
scenario, as for the Full Power scenario, the internal kink mode
also exists in this scenario, because g is below unity (see
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Figure 12. L.h,s: position of the internal kink and infernal modes
on the safety factor ¢(s) and pressure profile p(s). R.h.s: oscillatory
behavior of the infernal modes growth rate, the red dot is the
internal kink of the growth rate.

figure 9). On the contrary, infernal modes disappear because
the pressure gradient is almost negligible in the region where
the magnetic shear is small. Sensitivity analysis on relevant
quantities such as the safety factor on axis ¢y and 5 has been
carried out as well for the Full Power scenario, to test stability
robustness [38]: first ¢ and then g are varied while the other
parameters are kept about constants (within 10% of the nom-
inal values). The overall picture of the unstable modes does
not change, and relevant external modes are obtained only
when the physical quantities have values far from the nom-
inal case. As an example, in figure 14 a more realistic case,
where gy ~ 1.2 and qos¢, is kept fixed, has been chosen and
O~ has been varied (here Sy is the normalized 3, defined as
By = Bl,/(aBy)) [42]. Figure 14 (Lh.s.) depicts the growth
rate as a function of fy; it gives a flavor of what is the (O,
) range of variability (8n = 3.05 = 2.4pg, An =~ 3.73 =~ 3py)
defining instability for such ideal kink modes. Figure 14 (r.h.s)
represents the growth rate for the » = 1 ideal kink mode vs
rext (the conducting wall position), for different Sy. Study
of the dynamics and stability of the Tearing Modes (TMs),
a key issue to assess DTT plasma performances, has been
done. These resistive helical unstable perturbations, driven by
a local reduction of the bootstrap current and growing as mag-
netic islands, can degrade the confinement leading to disrup-
tions for large island width. The TM dynamics has been cal-
culated for different realistic guess values of the tearing sta-
bility parameter A’. Positive values simulate the TM onset
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Figure 14. L h,s: growth rate vs S for different toroidal mode
number n for a more realistic case where go ~ 1.2. R.h.s: growth
rate vs rext for n = 1 and different Sn.

driven by the current density gradient, while negative values
are associated to the Neoclassical Tearing (NTM) driven by
seeded magnetic perturbations created for example by large
sawtooth periods [43]. Evolutions and stabilization up to sup-
pression of the main 3/2 and 2/1 modes, located at signific-
antly off-axis positions in the full power scenarios at 5.4 MA
and 5.8 T, are predicted using the NTM module [44] integ-
rated in both the ETS (European Transport Simulator) [45] and
the JETTO code [46]. In figure 15, time widths of 3/2 and 2/1
modes are shown for different A’y prescribed and calculated
values. Predicted full island size ranges are found between
0.016 m and 0.075 m for 3/2 and between 0.03 m and 0.15 m
for 2/1. NTM can be controlled/suppressed replacing the loss
of bootstrap current by local current driven by ECCD in co-
current with the plasma current direction. To achieve this goal
in DTT, EC upper launchers are used to deliver up to 7.2 MW
at 170 GHz with good current drive efficiency at the 3/2 and
2/1 surfaces. Unphased (CW injection) and phased (modu-
lated injection) EC power can provide a good NTM control.
Particularly, less EC power is needed with modulated injection
with respect the CW case, for island size less than EC current
density width. Both the 3/2 and 2/1 TM can be fully stabilized
up to w = 0 in less than 1.4 s with EC CW power <1.5 MW,
applied when the island width is less than 0.03 m.
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Figure 15. (N)TM sizes evolutions for 3/2 (left) and 2/1 (right)
modes located at the resonant positions rs considering different A’y
values.

5. EPs

DTT will be equipped by three different heating systems, with
predominant electron heating. However, the ICRH and NNBI
will also heat ions and will generate an important population of
EPs in an energy range relevant for ITER and DEMO. NNBI
geometry and injection angles have been chosen to minim-
ize prompt and magnetic ripple induced losses, while energy
was fixed to satisfy optimal conditions for excitation of the
Alfvénic fluctuation spectrum with proper frequency and wave
number. In particular, these conditions require the use of a
super-Alfvénic beam. The dynamics of EPs produced by the
different heating systems is of crucial importance for various
aspects of the DTT design. In particular, EP losses could dam-
age PFCs and must be investigated carefully. This aspect has
been explored both by ORBIT [47] and ASCOT [48] sim-
ulations. The Hamiltonian feature of ORBIT has been used
to calculate losses due to the precession-bounce resonance of
trapped energetic ions with the toroidal field ripple. By tail-
oring energy and injection angle of the NNBI system, these
losses have been minimized; ORBIT has shown the presence
of two ‘hot spots’, which correspond respectively to the injec-
tion and exit angle of the beam [49]. The ASCOT code allows
the representation of realistic DTT NNBI sources, represented
beamlet-by-beamlet including their 3D divergences. ASCOT
is used to follow EPs in realistic geometry up to the machine
FW, taking into account collisions in order to investigate beam
EP confinement and losses [50]. Finally, the interaction of EPs
with Alfvén Eigenmodes (AE) can lead to increased particle
losses and, therefore, a careful kinetic analysis is required
[51]. The general theoretical framework for the self-consistent
analysis of all the aforementioned physics [11] involves self-
consistent non-linear gyrokinetic simulations and the use of a
realistic AE spectrum as input to test particle transport codes,
in order to calculate the impact of wave-particle interaction on
the EP losses [6, 52]. ASCOT simulations [31] showed a very
good absorption of NNBI in the full power, reference target
plasma (E1). EP losses are negligible with an axial-symmetric
magnetic field, with the majority of power being absorbed by
plasma electrons (~60%). NNBI is capable of providing lim-
ited torque and to drive current in the order of 25 kA MW !,
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Figure 16. Poloidal projection of NBI ionization flux for DTT full
power plasma (E1) with ASCOT.
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Figure 17. Map of the power load on the separatrix, calculated with
a 1 million particle. Full power, single null DTT scenario. The two
dashed lines correspond to the injection and exit toroidal angles of
the NBI: hot spots form near these angles.

At lower density, shine-through will pose limitations for NNBI
operation. Figure 16 shows the ionization flux, calculated by
the BBNBI module [53] of the ASCOT suite of codes, for the
full power (E1) plasma scenario. The initial orbits of the newly
born fast ions have been investigated in [54] through the ana-
lysis of the Constant of Motion (CoM) phase space.

DTT NNBI EPs are mainly characterized by passing orbits,
with a small fraction of trapped orbits, while non-standard
orbits are excluded for DTT reference plasma El. Prompt
losses resulted negligible, in accordance to ASCOT full orbit-
following simulations and with previous ORBIT estimates.
This is due to the optimization of the NBI geometry to min-
imize both prompt losses (which are mainly passing particles
with poloidal injection angle 6 # 0) and the fraction of trapped
particles, which interact with the TF ripple via the mechan-
ism of precession-bounce resonance. Recent ORBIT simula-
tions with 10° test particles allowed to assess the EP losses
via the resonant mechanism [55], which are relatively low,
0.065% of the initial NNBI population in the full power plasma
(E1) scenario. Nevertheless, despite the overall low losses,
energetic ions produce two very localized patterns, a.k.a. ‘hot
spots’, corresponding approximately to the beam injection

and exit toroidal angles. The first hot spot is mainly due
to prompt losses/passing particles, while the latter is due to
trapped ions (see figure 17). However, the maximum power
load in these ‘hot spots’ is of the order ~63 kW m~2, below
the tolerance of plasma-facing components of the machine.
Preliminary studies of linear stability of Alfvénic modes
driven by a population of EPs have been carried out as well for
the Full Power scenario; a Maxwellian distribution function
has been assumed, with constant EPs temperature (450 KeV)
and an ITER like EP density profile. The study uses the
HYMAGYC code, which is [56, 57] a recently developed
HYbrid MAgnetohydrodynamics GYrokinetic Code suitable
to study EP driven Alfvehic modes in general high-/3 axisym-
metric equilibria, with perturbed electromagnetic fields fully
accounted for. The thermal plasma is described by linear full
resistive MHD equations in arbitrary axisymmetric equilibria.
The coupling between MHD and EPs is obtained by adding to
the MHD momentum equation a term proportional to V- 1l
(ITk being the EP stress tensor). Several EPs driven modes have
been found using HYMAGYC. In figure 18 the growth-rate
and frequency (normalized to the on-axis Alfven frequency
wao) Vs. the toroidal mode number n are shown: results for
purely ideal MHD modes are shown using light blue open
circles, infernal like modes driven by EPs are shown using
black full circles, and EPs driven Alfvehic modes are shown
using red diamonds. In figure 19, an example of the power
spectra for a simulation considering the toroidal mode num-
ber n = 10 is shown: the first frame (left) is dominated by an
EP driven mode (EPM) (early simulation phase, twao = 72),
the second frame (right) shows the appearance of a stronger
infernal-like mode driven by EPs, with a frequency smaller
(in absolute value) than the EPM (which is still observable).
The Shear Alfvén and magneto/acoustic continua, as calcu-
lated by FALCON [58, 59] code are superimposed: larger and
darker symbols refer to Alfvénic oscillations, while smaller
and lighter ones to ion sound waves. Preliminary studies car-
ried out with HMGC code [60] on model DTT equilibria, have
demonstrated that the AE fluctuation spectrum in DTT is dom-
inated by high toroidal mode number, n ~ O(10-20), similar
to ITER, characterized by an inner core region, dominated by
reversed shear AEs (RSAEs), and an outer core region, domin-
ated by toroidal AEs (TAEs) [61]. Meanwhile, different wave-
EP resonances may be prevalent in the respective regions, and
the global EP losses are ultimately determined by the inter-
play of transport processes due to the different fluctuations,
with non-local non-linear dynamics playing a crucial role [62].
As anticipated in section 2, these non-linear dynamics reflect
the unique role of EP as mediators of spatiotemporal cross-
scale couplings in fusion plasma self-organization [10, 11].
It is worthwhile recalling that EP avalanches play a partic-
ularly important role in this respect and correspond to secu-
lar dynamics of long-lived structures in the EP phase space
[63], which are undamped by fast collisionless processes and
provide a description of an actual nonlinear plasma equilib-
rium in the presence of a finite fluctuation spectrum [64]. This
suggests that weakly collisional reactor relevant fusion plasma
be described as time evolving zonal states (ZS) [65], which
consist of long-lived phase space zonal structures (PSZS),
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Figure 18. MARS and HYMAGYC results for a model full power
DTT SN equilibrium.

together with the corresponding self-consistent zonal (tor-
oidally symmetric) electromagnetic fields. Correspondingly,
a novel approach to transport will be necessary for a proper
description of these processes, which selectively occur in
phase space not only for the EP component but for the core
plasma as well [11, 66]. With its peculiar features, DTT will
be a proper test bed for verification and validation of these
novel approaches to the description of transport in reactor rel-
evant fusion plasmas. Similarly, DTT will also be a proper test
bed for verification and validation of fully global, electromag-
netic, gyrokinetic numerical simulations, which are indispens-
able for the accurate prediction of the ZS evolution and of the
corresponding nonlinear fluctuation spectra, as recently noted
in [67].

6. Transient and off-normal events: a wind tunnel
for ITER

Applying 3D resonant magnetic perturbations (RMPs) with
non-axisymmetric saddle coils is a promising method to mit-
igate or suppress type-I Edge Localized Modes. DTT will be
equipped with advanced systems to mitigate transient and off-
normal events such as ELMs and disruptions respectively, with
features similar to analogous systems present in ITER. In par-
ticular, within the DTT VYV a system of 27 non-axisymmetric
coils will be installed (NAS—i.e. three toroidal arrays of
nine coils each) (figure 20), each independently powered and
assembled in three toroidal rows with 9 coils each. For the pur-
pose of ELM control, slowly rotating perturbations with tor-
oidal mode number up to n = 4 can be applied. Preparatory
modeling is ongoing and has been used so far to aid the
design and predict coil current requirements. In particular lin-
ear plasma response modeling has been exploited to assess
the effect of different coil geometries on ELM stability in
full power operational scenarios. The MARS-F [68, 69] code
has been used to compute, in toroidal geometry and includ-
ing flow, the resistive plasma response to different vacuum
fields with toroidal mode number n = 1,2,3. Preliminarily,
two metrics have been used to link plasma response to ELM
control. Namely the local normal plasma displacement in the

X-point region and the Chirikov parameter. An example of the
magnetic field perturbations, optimized according to the X-
point displacement criterion, is reported in figure 21. These
criteria are used to predict optimal phasing of the active coil
arrays and current thresholds based on empirical knowledge
[70]. Depending on the number of active coils and on the
scenario, coil currents between 20-30 kAt are predicted to be
effective for ELM mitigation in DTT, with enough flexibil-
ity to accommodate other possible tasks that this sub-system
should tackle during experiments. For example, the correction
of Error Fields, or the possibility of using magnetic perturb-
ations to interact with the rotation of (Neoclassical) TMs are
foreseen as two major use-case for which dedicated studies are
being carried out [71].

As for off- normal events, DTT will be equipped with a
Disruption Mitigation System (DMS) based on the shattered
pellet technique. Moreover, the complete DTT mechanical
structures (FW, VV, magnets support, ...) have been designed
to sustain up to around 1000 disruption at the highest per-
formances (Ip = 5.5 MA and 45 MW of injected power).
Consequently, DTT is very well equipped to perform dedic-
ated experimental campaigns to optimize the disruption con-
trol in ITER, a topic of outmost importance for its nuclear
operation, as well as for the safe operation of any future
fusion reactor based on the Tokamak concept. The estimate
of the number of disruptions in DTT has been based on the
[72, 73] experience gathered in similar class machines (JET,
AUG, DIII-D and so on). Considering a 30% global disruptiv-
ity (including minor and mitigated disruptions), the maximum
number of unmitigated events at full power has been estim-
ated as 20% of the total number of disruptions. The structural
assessment of the magnets, vessel and in-vessel components
has been conservatively performed considering this number of
disruptions and assuming that half of them could be vertical
displacement events in the worst conditions.

The current and thermal quench characteristic times have
been scaled as defined in [74] ITER Physics Basis and then
the minimum linear CQ duration for DTT has been assumed
equal to 4 ms. Slower disruption events have been also con-
servatively considered in the structural assessment of DTT, as
highlighted by operations on [75] machines with metallic wall,
to take care of the large EM and thermal loads that could be
produced by larger and longer lasting halo currents typical of
these events, in case of inefficient mitigation: the CQ duration
for these events has been assumed equal to ten times the fastest
ones, i.e. 40 ms.

The reference EM loads for the structural assessment
have been calculated by performing a full set of simula-
tions in different conditions (including Major Disruptions and
VDE) with the 2D axisymmetric MAXFEA code and the
3D CARMAONL code. The forces and paths of induced cur-
rents in 3D structures have been calculated also with ANSYS
FEM code, using as input the plasma evolution calculated by
MAXFEA. A further benchmark of the plasma evolution cal-
culated by these codes will be carried out with simulations by
MHD non-linear code JOREK. The DMS proposed for DTT
consists in two (optionally four) multi-barrell Shattered Pellet
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Injectors (SPI), capable to inject the number of particles neces-
sary to trigger the thermal quench in plasmas of various cur-
rents and densities. The option of an additional Massive Gas
Injection system has been considered to operate before the

commissioning of the SPI. The SPIs will be located in two tor-
oidally opposite upper oblique ports. Given a maximum total
thermal energy in DTT plasmas around 14 MJ (including fast
ions), the pellet dimension can be preliminary estimated as
10% atoms (corresponding about to a 14 mm pellet), injec-
ted with a velocity greater than 300 ms, in order to guarantee
a flight time well below 10 ms. The JOREK simulations will
assess also whether this two SPIs solution is appropriate for
mitigation or if other two SPIs (in vertical or horizontal ports)
are required.

7. DTT research plan (DTT-RP)

The DTT-RP, is currently in writing by a large group of about
100 European Scientists, from most EU countries involved in
fusion research. The DTT-RP is intended to be a living doc-
ument that will have to evolve along the DTT construction
phase, following all the international experimental and theor-
etical progresses, to prepare at the best the exploitation of the
machine.

A first draft of the Research Plan has already been pro-
duced, and it has provided the DTT documentation for the
ongoing EUROfusion facility review. The work is the result
of six different expert groups: EG1, DTT scientific exploita-
tion strategy; EG2, Divertor and SOL physics; EG3, Plasma
scenarios and associated modeling; EG4, Heating, current
drive and fuelling; EG5, MHD and EPs, theory; EG6, Fusion
technology developments. The RP will consist of 9 different
Chapters (Chapter 1: DTT power exhaust strategy; Chapter
2: Plasma scenarios; Chapter 3: Divertor and SOL physics;
Chapter 4: Transport physics & integrated modeling; Chapter
5: MHD, disruptions and control; Chapter 6: Physics of heat-
ing, current drive and fuelling; Chapter 7: Energetic particle
physics; Chapter 8: Theory and simulation; Chapter 9: Fusion
technology developments). Moreover, a set of Appendices will
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Figure 22. The three main phases of the DDT planned experimental
life. All the quoted additional power are intended as coupled power.

shortly describe the main technical features. The RP is being
written along the following general guidelines:

(a) DTT has a set of unique characteristics: high field, high
current, high density and low collisionality, full W, long
pulse, EP population with typical pressures comparable
with the thermal component and characteristic energy
higher than critical, dominant electron heating and low
torque.

(b) DTT main missions are: validation of optimum power
exhaust strategy for DEMO and related plasma scenarios,
with full core-edge integration at high performance; sup-
port to the various phases of ITER exploitation.

(c) DTT exploitation life will have essentially three main
phases (figure 22—targeting as first plasma the end of
2029), that will go in parallel to ITER experimental
program and with the final choices about the DEMO
construction.

These three phases are:

(1) High level commissioning phase at reduced plasma cur-
rent (I, ~ 2 + 3 MA) and, initially at half toroidal field
(for coupling the ECRH at the second harmonic); during
this phase the additional heating will be increased from
the 8 MW of ECRH, foreseen to be available for the first
plasma, up to 14.5 MW of ECRH plus 3 MW of ICRH.
Along this period, all the main equilibrium configurations
will be tested and the plasma discharge will be extended
up to 50 s, with a significant power flux on the divertor
tiles (up to 5 MW m~2), which will include actively cooled
W PFCs operations. At these reduced performances, DTT
will be also able to explore advanced regimes at high Bn
and, consequently, to be complementary to the JT-60SA
research program.

(2) Along the DTT second phase, additional 9.5 MW of NNBI
will be included, increasing the possible total flux flowing
to the divertor tiles up to around 10 MW m~2. The DTT
divertor will be equipped with ‘test modules’ divertor sec-
tors, located in four different toroidal location, just in front
of a dedicated port which will allow an ‘easy’ replacement
of the test modules; these divertor test modules will allow
testing and comparing different materials and partially the
local shaping of the divertor PFUs. Note that all along

these two phases DTT will operate in parallel to ITER,
consequently a strong connection with the ITER RP will
have to be considered.

(3) Eventually, along the third phase DTT will operate at
the highest performances, a new divertor will be pos-
sibly installed and experimentally studied, in order to pro-
pose a viable and experimentally validated solution for the
DEMO divertor. Finally, the first issue of the DTT-RP will
work out an ideal experimental program considering these
three phases, but it will also deal with the input neces-
sary to finalize the DTT construction (for instance on the
required plasma diagnostics).

8. Conclusions

DTT is intended to be an experimental facility, open to inter-
national collaborations, supporting the exploitation of ITER
and of other experiments and along the DEMO design finaliza-
tion phase. Its unique properties (high toroidal field, high dens-
ity, low collisionality and a possible divertor power flow even
larger than the present materials capabilities) make DTT an
important (and maybe unique) experiment finalized to tackle
the most important integrated technical and physical aspects
to be solved before the realization of a fusion power plant.
Having the same dimensionless most important physics para-
meters close to the ITER ones, the same full tungsten plasma
facing material (both for the FW and the divertor), a similar
additional heating scheme, makes DTT the perfect experiment
to support at best the ITER experiments to achieve its final
targets. Moreover, having a unique possibility to test different
divertor ideas (materials as well as divertor shapes), including
the possibility to quickly test new ideas by using the TMDs, at
power fluxes divertor relevant (P/R ~ 15 MW m~!), makes
DTT the optimal experiment to find a solution to challenging
power exhaust problem as an integrated core-edge problem.
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