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This paper  firstly  illustrates  the  objectives,  the  figure  of merits  and  the specifications  considered  in  the
design  of  the  equilibrium  configurations  in  the  Divertor  Tokamak  Test  (DTT)  facility. The  reference  sin-
gle null  scenario  is detailed.  The  range  of  alternative  plasma  shapes  and  current  capabilities  are  then
discussed.  A  number  of  in-vessel  coils  can  be  used  to locally  modify  the  magnetic  configuration  in the
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divertor  region.  Finally,  a comparison  of  costs  and  benefits  of  the various  configurations  is  given,  with
particular  reference  to  the  power  exhaust  issues.
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lternative divertor concepts

. Introduction

The main objective of the Divertor Tokamak Test (DTT) facil-
ty is to host experiments addressed to the solution of the power
xhaust issues in view of DEMO [1]. This derives from the need
o develop integrated and controllable exhaust solutions including
lasma, PFCs, control diagnostics and actuators, using experiments,
heory and modelling, so as to mitigate the risk that conventional
ivertor might not be suitable for DEMO [1].

The requirements are detailed in [2] and include:

specifications on a number of normalized plasma parameters rel-
evant for DEMO.
ratio between power crossing the separatrix Psep and the major
radius R relevant for DEMO (Psep/R ≥ 15 MW/m).
flexibility in the divertor region so as to possibly test different
divertors.
possibility to test alternative magnetic configurations.
possibility to test liquid metals.
integrated scenarios (solutions to be compatible with plasma per-

formance and technological constraints of DEMO).
budget constraint (500 MD ).

∗ Corresponding author.
E-mail address: roberto.ambrosino@uniparthenope.it (R. Ambrosino).

ttp://dx.doi.org/10.1016/j.fusengdes.2017.01.055
920-3796/© 2017 EURATOM. Published by Elsevier B.V. All rights reserved.
These requirements led to the selection of the following param-
eters: a major radius of 2.15 m,  an aspect ratio of about 3, an
elongation of about 1.7, a toroidal field of 6 T, a plasma current of 6
MA,  and a flat top of about 100 s [3].

Promising experimental results on alternative configurations
have been obtained in DIII-D [4], EAST [5], MAST [6], NSTX [7] and
TCV [8–10]. The DTT device addresses the challenge of investigate
alternative magnetic configurations including snowflake, quasi-
snowflake, double null, and negative triangularity equilibria with
plasma conditions similar to DEMO. The behavior of such alter-
native configurations will be compared with the reference single
null.

The Super-X divertor concept seeks to maximize the major
radius of the divertor targets, Rt [11]. However, the maximum value
is limited by the toroidal field coils. A Super-X configuration with
a major radius of 2.15 m would have been incompatible with the
budget constraint. However, long-leg configurations at low plasma
current might also be considered in the future.

The paper is structured as follows. Section 2 illustrates the
objectives, the figure of merits and the specifications considered
in the design of the equilibrium configurations. Section 3 reports
the reference single null scenario. Section 4 describes the alterna-

tive configurations that can be achieved in DTT. Section 5 show
how the in-vessel coils can be used to locally modify the magnetic
configuration in the divertor region. Section 6 compares the costs

dx.doi.org/10.1016/j.fusengdes.2017.01.055
http://www.sciencedirect.com/science/journal/09203796
http://www.elsevier.com/locate/fusengdes
http://crossmark.crossref.org/dialog/?doi=10.1016/j.fusengdes.2017.01.055&domain=pdf
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nd benefits of the various configurations and illustrates the main
onclusions of the paper.

. Objectives, figures of merit and specifications

The main specifications considered for the design of the plasma
cenario are hereafter summarized. They include constraints on the
lasma, on the poloidal field (PF) coils, on the central solenoid (CS).

.1. PF/CS coil currents

The PF coil system considered for the plasma scenarios is
eported in Table 1. The minor differences with respect to [3] are
ainly related to the fact that the current is considered as uni-

ormly distributed over the cross section including strands, void
nd jackets. The PF/CS coil positions and cross sections have been
esigned with an iterative procedure taking into account the above

pecifications as well as the geometrical constraints related to the
ocations of ports and TF coils. Table 2 reports voltage and current
imits for these coils [3].

able 1
F Coil System Used for MHD  Calculations.

Name R (m) Z  (m) �R (m) �Z  (m) Turns

CS3U 0.6685 2.2615 0.343 0.635 270
CS2U 0.6685 1.458 0.343 0.972 420
CS1U 0.6685 0.486 0.343 0.972 420
CS1L  0.6685 −0.486 0.343 0.972 420
CS2L  0.6685 −1.458 0.343 0.972 420
CS3L  0.6685 −2.2615 0.343 0.635 270
PF1  1.34 2.23 0.377 0.32 130
PF2  3.49 1.931 0.468 0.174 108
PF3  4.28 0.745 0.192 0.49 112
PF4  4.15 −1.049 0.245 0.469 140
PF5  3.25 −2.45 0.494 0.228 152
PF6  1.541 −2.76 0.754 0.32 260
C1  1.44 −1.481 0.07 0.07 1
C2  1.74 −1.823 0.07 0.07 1
C3  2 −1.925 0.07 0.07 1
C4  2.18 −1.668 0.07 0.07 1
C5  3.1 −0.83 0.14 0.14 4
C6  3.285 0.51 0.14 0.14 4
C7  2.988 −1.15 0.07 0.07 1
C8  2.915 1.25 0.07 0.07 1

able 2
oltage and Current Limits (four quadrants).

Name Isat (kA) Vsat (V) Turns

CS3U 23 800 270
CS2U 23 800 420
CS1U 23 800 420
CS1L  23 800 420
CS2L  23 800 420
CS3L  23 800 270
PF1  25.2 800 130
PF2  22.6 800 108
PF3  21.2 1000 112
PF4  24.7 1000 140
PF5  23 800 152
PF6  23.3 800 260
C1  60 50 1
C2  60 50 1
C3  60 50 1
C4  60 50 1
C5  25 200 4
C6  25 200 4
C7  60 50 1
C8  60 50 1

These limits are for the currents in the scenario: the plasma shape control system
an use additional 2.0 kA in PF2-PF3-PF4-PF5 and additional 1.0 kA in PF1 and PF6.
 and Design 122 (2017) 322–332 323

2.2. Magnetic field

The maximum magnetic field at the location of the CS coils shall
not exceed 12.5 T. The constraint related to the magnetic field is
not stringent for the PF coils. A posteriori, it was  verified that its
maximum value is about 4.0 T in PF6.

2.3. Vertical forces on the PF/CS coils

The force limits on the PF coils are scaled from DEMO  constraints
[12]. We  assume the force scaling with the square of RBtor. In DEMO
the toroidal field Btor is 7 T and the major radius R is 9 m [13], there-
fore we  assume a reduction of a factor of 24 with respect to DEMO.
Thus, the maximum vertical force on the central solenoid stack in
DTT should not exceed 12.5 MN,  the maximum separation force
in the central solenoid stack should not exceed 14.5 MN and the
maximum vertical force on a single PF coil should be 19 MN.

The forces on the in-vessel coils are scaled from ITER [15],
where the maximum force is 744 kN/m and the maximum current
is 240 kA (up to 320 kA in short transients). Since in DTT we assume
60 kA, the maximum force should be reduced to 186 kN/m. There-
fore, the limits of ±4 MN for the vertical force are taken for the coils
connected to other structures (vacuum vessel or divertor) via rails
or other means.

2.4. Plasma

The maximum plasma current is 6 MA,  whereas the plasma
shape parameters should be similar to the present EU design of
DEMO, with an aspect ratio R/a ≈ 3.1, an elongation k ≈ 1.76, and
an average triangularity <�> ≈ 0.35 [12]. The maximum values
assumed in the nominal scenarios at full current for poloidal beta
ˇp and internal inductance li are 0.5 and 1.0, respectively. The min-
imum plasma-wall distance shall be 40 mm,  taking into account
that the power decay length at 6 MA is about 2 mm at the outboard
midplane. The minimum grazing angle of the magnetic field at the
strike points shall be 1.5◦. The pulse length should be at least 100 s,
so as to overcome all thermal transients; this is guaranteed by a
total available poloidal flux of about 45 Vs (CS swing of about 35 Vs
and a PF contribution of about 10 Vs), not to mention the possible
current drive contributions of the ECRH and the NBI system to be
implemented at a later stage.

2.5. Figures of merit

The various configurations will be compared in terms of costs on
the PF coil system and benefits related to the power exhaust. Due
to the constraints on the maximum PF currents and vertical forces
of the PF coils system, the scenarios of the alternative configura-
tions have been designed at a different flat top plasma current with
a pulse length of 100s. The power exhaust properties of the con-
figurations are quantified in terms of poloidal flux expansion and
connection length at a distance of 20 cm from the active null point,
on a virtual target designed to be perpendicular to the separatix
baffles. The Scrape-Off Layer (SOL) is considered to be enclosed by
a magnetic surface passing through a point placed 2 mm (i.e., the
power decay length) outside the plasma at the outboard midplane.

3. Reference single null scenario

Table 3 shows the time evolution of the PF coil currents, along

with the plasma geometrical and physical parameters guaranteeing
the sequence of plasma shapes during a pulse. It defines the DTT
reference Single Null (SN) scenario, obtained by using the CREATE-
NL code [16] in combination with FIXFREE code [17].
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Table 3
Reference Single Null (SN) Scenario.

Time [s] 0.000 0.020 15.000 22.000 27.000 32.000 42.000 100.000

Ip [MA] 0.000 0.000 3.000 4.300 6.000 6.000 6.000 6.000
�p 0.000  0.000 0.098 0.100 0.100 0.100 0.430 0.430
li  0.000 0.000 0.984 0.876 0.876 0.876 0.895 0.895
�b  [Vs] 17.810 17.440 8.936 5.762 4.522 3.693 2.838 −5.588
Configuration – – Limiter X-point X-point X-point X-point X-point
ICS3U  [MAturns] 6.220 6.061 0.720 0.560 0.280 0.160 0.190 −0.760
ICS2U  [MAturns] 9.670 9.423 2.660 1.840 0.210 −0.330 −0.950 −9.180
ICS1U  [MAturns] 9.670 9.423 2.000 −1.600 −4.160 −4.530 −4.710 −9.180
ICS1L  [MAturns] 9.670 9.423 2.510 −3.670 −7.040 −7.460 −7.150 −9.180
ICS2L  [MAturns] 9.670 9.423 2.190 3.420 2.440 1.980 1.030 −9.180
ICS3L  [MAturns] 6.220 6.061 0.440 1.580 1.770 1.590 1.590 1.310
IPF1  [MAturns] 1.680 1.637 0.640 0.490 0.310 0.210 0.310 0.270
IPF2  [MAturns] 0.710 0.692 −0.040 −0.180 −0.400 −0.440 −0.410 −0.710
IPF3  [MAturns] 0.000 0.000 −0.930 −1.130 −1.580 −1.580 −1.940 −2.050
IPF4 [MAturns] 0.000 0.000 −0.790 −1.990 −2.740 −2.740 −2.830 −2.370
IPF5  [MAturns] 0.740 0.721 0.190 −0.150 −0.310 −0.310 −0.350 −1.510
IPF6  [MAturns] 2.350 2.290 0.900 3.480 4.130 3.950 3.920 3.990
IC5  [kA] 0.00 9.97 0.00 0.00 0.00 0.00 0.00 0.00
IC6  [kA] 0.00 15.15 0.00 0.00 0.00 0.00 0.00 0.00
growth ratea (s−1) – – – 39 39 37 42 34
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a Calculated with axisymmetric models ignoring the effects of first wall and port

As shown in Fig. 1, a good field null during the plasma break-
own (i.e., a large central hexapolar region even at low field) is
uaranteed. The toroidal electric field for breakdown has been
mposed to be 1.5 V/m for a duration of at least 20 ms.

The scenario has been designed so as to provide the necessary
ux (∼35 Vs stored) and to build-up the X-point configuration for
he 6MA  H-mode reference scenario. For this case, the discharge
asts around 100 s from the breakdown to the end of flat top with the
-point configuration sustained (at low and/or high beta) for ∼75 s

much longer than the plasma resistive time). The central solenoid
CS) column is split in six different coils to allow the largest plasma
haping flexibility.

After the breakdown, the plasma current IP rises up to 3.0 MA in
t  = 15 s; during this phase, the plasma evolves with a circular to

lliptical shape, leaning on the inboard side of the first wall, where
he tungsten thickness is planned to be increased by a factor of two.
etween t = 15 s and t = 22 s the plasma current ramps up to 4.3 MA
chieving the X-point configuration. In this scenario the plasma
emains limited for about 15 s. This is not at all a machine constraint.
he coils and power supply flexibility will allow experiments (at
ull performance) where the limited phase can be reduced to a few
econds.

Between t = 22 s and t = 27 s, the plasma current achieves its
arget value of 6 MA,  while ˇp remains very low. At t = 32 s, full
dditional heating is assumed, causing an increase of the inter-
al kinetic energy on a time scale longer than the plasma energy
onfinement time. After t = 42 s, all plasma physical parameters are
ssumed to remain nearly constant up to the end of the current
lateau at t = 100 s. During the flat top with a plasma current of 6
A and a toroidal field of 6 T, the plasma volume is 33 m3, whereas

he safety factor is qaxis = 1.0 at the magnetic axis, and q95 = 2.8 at
5% of the magnetic poloidal flux. The maximum heating power

n all cases (SN or advanced divertor configurations) is assumed
o be the 45 MW,  provided by a mix  of three different systems the
CRH, the ECRH and NNBI, described in [18]. This reference scenario

akes reference to a 40 MW additional heating power.
At the end of flat top, the plasma is no longer heated and a con-

rolled ramp-down phase similar to the JET tokamak follows, in
hich the plasma current decreases at the rate of 100 kA/s (up to
00 kA/s if needed in emergency cases) while keeping a single null
onfiguration at low beta, low elongation, and controlled density
no more than 50% of Greenwald limit) till about 200 kA; then the
2 0.52 0.53 0.47 0.55

plasma configuration becomes limited, leaning on the inboard wall,
where the plasma current decreases to zero.

The scenario is compatible with a duty cycle considering
30–60 min  between two  pulses. The configurations satisfy the PF
system limits reported in Section 2 and keep a minimum distance
of 40 mm between the plasma last closed surface and the first wall
in the diverted phase, in order to minimize the interaction between
the plasma and the main chamber.

The boundary flux �SOF at start of flat top (t = 27 s) is calculated
assuming an Ejima coefficient CEJIMA = 0.4 and a breakdown flux
�BD = 18 Vs [19]:

� SOF = � BD − (0.5 �0RliIp + CEJIMA�0RliIp) = 4.5Vs (1)

Enough space has been allocated in the divertor region, not only
to substantially vary the plasma divertor magnetic topology, but
also to allow strike point sweeping and to have an efficient pump-
ing capability. In addition, the full divertor can be removed by
remote handling to allow tests based on different divertor geome-
tries and/or liquid metals. The foreseen large input power, together
with the estimated short energy e-folding length, required to care-
fully evaluate the divertor heat loads expected in DTT. To comply
with this request, numerical self-consistent simulations have been
made for the H-mode by using the 2D multi-fluid code COREDIV
[20]. The impact of unmitigated giant (around 1.2 MJ)  type I Edge
Localized Modes (ELMs) on DTT divertor targets was also analysed.

It should be noted that for optimizing the local divertor magnetic
configuration, DTT will be equipped with a set of internal coils,
capable to adjust a second null generated by the PF external coils
and obtain X-Divertor (where the flaring can be largely varied) and
Snow Flake configurations (with a wide region where Bp and its
gradient are very low), as discussed in Section 5.

Finally, the feedback control system should be capable to:

• stabilize the vertical position
• keep the shape at steady state within ∼2 cm from its reference

in case of current density profile changes (within �� ∼ ±0.2 and
�li ∼ ±0.1)

• for diverted configuration keep the plasma-wall clearance at least

∼4 cm at steady state and ∼1 cm during transients of about ∼1 s.

Two internal coils (C5-C6) are foreseen for vertical and horizon-
tal fast feed-back control. Detailed analyses have been performed to
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Fig. 1. DTT H-mode reference scenario: at t = 22 s X-point formation with Ip = 4.3MA, at t = 27 s with Ip = 6MA  at low �p and finally at t = 32 s with Ip = 6MA at high �p.
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Table 4
Alternative configurations at flat top.

Configuration SF SF+ DN RT

Phase SOF EOF SOF EOF SOF EOF SOF EOF

Ip [MA] 4 4 5 5 5 5 5 5
�p  0.430 0.430 0.430 0.430 0.430 0.430 0.430 0.430
Li  0.895 0.895 0.895 0.895 0.895 0.895 0.895 0.895
�b  [Vs] 7.606 −3.920 3.07 −4.38 2.681 −5.168 2.623 −5.121
ICS3U  [MAturns] 0.372 −5.691 5.86 4.46 5.900 2.484 0.206 −1.016
ICS2U  [MAturns] 3.739 3.538 1.17 −1.94 −0.103 −5.950 0.345 −2.626
ICS1U  [MAturns] 0.429 −8.742 −4.09 −9.18 −5.506 −9.177 −2.647 −9.177
ICS1L  [MAturns] −4.400 −9.177 −6.55 −9.18 −6.304 −9.177 −8.352 −9.177
ICS2L  [MAturns] 7.728 0.037 2.51 −3.21 −2.350 −9.177 −0.631 −9.177
ICS3L  [MAturns] 4.968 0.980 5.90 3.91 2.795 0.868 2.863 1.044
IPF1  [MAturns] 0.123 −3.042 −1.65 −2.80 2.992 2.809 0.142 −1.125
IPF2  [MAturns] 0.473 0.857 0.14 −0.55 −2.003 −2.615 −0.265 −0.591
IPF3  [MAturns] −1.594 −2.266 −2.06 −1.37 −1.220 −0.968 −2.027 −1.895
IPF4  [MAturns] −3.034 −2.782 −2.95 −3.45 −1.151 −1.136 −2.685 −2.856
IPF5  [MAturns] 2.839 2.383 1.87 1.75 −2.779 −3.165 2.320 1.969
IPF6  [MAturns] −0.901 −2.322 −0.65 −1.62 5.616 4.893 −0.185 −0.275
IC5  [kA] – – – – – – – –
IC6  [kA] – – – – – – – –
Plasma volume (m3) 36 36 39 39 36 37 41 41
growth ratea (s−1) 123 233 86 59 124 60 70 64
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a Calculated with axisymmetric models ignoring the effects of first wall and port

tudy the control of the plasma current, shape and position during
he flat-top of the reference H-mode plasma scenario [26].

. Alternative configurations for DTT

DTT capabilities include various alternative configurations
ACs), including ideal snowflake (SF), quasi snowflake (SF+ and SF−),
-divertor (XD), double null (DN), and negative triangularity (NT)
lasmas (Fig. 2 and Table 4). The divertor structure in Figs. 1–2
efers to the reference single null configuration; the design of a
ivertor structure compatible with the alternative configurations

s under analysis [21].
The snowflake divertor concept seeks to decrease the poloidal

eld in the vicinity of the null point by introducing a second order
ull point [22]. This splits the separatrix around the null into six

egs with two enclosing the confined plasma and four divertor legs.
ince the exact SFD is only a point in the operational plane any
eal configuration is characterized by two nearby X-points [23].
he resulting configuration may  have different topologies referred
o snowflake plus (SFD+) and snowflake minus (SFD-) depending
n whether the second x-point is located in the private or common
ux region of the primary, active x-point, respectively. A poten-
ially undesirable consequence is an increase of the poloidal flux
ompression towards the target (in contrast to the XD). The lower
oloidal field in the null point region leads to a longer connec-
ion length and divertor volume and is expected to generate large
olumetric losses.

The DN plasmas decrease the inner wall heat load and split the
verage load between the upper and lower outboard targets with
uitable plasma wobbling. However, the share is not guaranteed
n the transient phases and therefore the outboard targets have to
e designed taking into account the peak loads. The PF coil sys-
em of DTT is capable to sustain a high current (5 MA)  double null
onfiguration for a long flat top (more than 40 s). The double null
onfiguration can be tested in the first phase of the scientific pro-
ramme  at low current and/or in L-mode. In a second phase it can be
ested for short periods also in H-mode with suitable precaution so

s to prevent damages to the upper part of the first wall (e.g., short
uration, wobbling, sweeping, or suitable reinforcement plates).
owever, a significant double null experiment should be carried out
ot only with a symmetric magnetic configuration (which is feasi-
0.36 0.18 0.34 0.30 0.32

ble) but also with an up-down symmetric structure of the divertor
and pumping system. For this reason, particular care will be taken
in the design of a modular first wall, so as to allow removing it
and mounting another divertor in the upper part of the machine
(whenever required by the future scientific programme).

The PF coil system of DTT is also capable to sustain a significant
plasma current with a reverse triangularity in the divertor region
for a sufficiently long flat top. This configuration, which slightly
improves the magnetic flux expansion of the inner leg, can be tested
in the first phase of the scientific programme at low current and/or
in L-mode. In a second phase it can be tested for short periods also in
H-mode with an alternative divertor or, with suitable precautions,
with the nominal divertor, which is not optimized for this case.

Any configuration can be obtained via specific scenarios, or
alternatively, during the flat top of a reference scenario (at full or
reduced current) by means of a transition for SN to AC and vice
versa. These configurations verify current, field, vertical force and
plasma-wall distance constraints. Moreover, relaxing the vertical
force constraints up to 30 MN,  it is also possible to define a SF
scenario with a flat top plasma current of Ipl = 5.5MA (instead of
4MA), as illustrated in Fig. 3. A Super-X configuration with a major
radius of 2.15 m would have been incompatible with the budget
constraint, however, long-leg configurations at low plasma current
might also be considered in the future. Finally, possible optimiza-
tion of SF, SF+ and XD configurations can be obtained using the
internal coils C1-C8, as illustrated in Section 5.

5. Use of in-vessel coils

The study of the divertor physics and technology is one of the
main target of the DTT. Indeed, for optimizing the local magnetic
configuration and consequently controlling various parameters
related to the power exhaust (flux expansion, connection length,
distance between null points, etc.), DTT will be equipped with a set
of internal coils capable to locally modify the magnetic field in the
vicinity of the divertor target. Using these in-vessel coils, it will be
possible to adjust a second null region in Snowflake-like configu-

rations, obtaining a large area where BP and its gradient are close
to zero or defining XD-like configuration where the flux flaring at
target can be largely varied. As example of the flexibility of a such
system, the SF+ equilibrium at SOF (Table 4), shown in (Fig. 4a), has
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Fig. 2. Alternative configurations at SOF: a) SF; b) SF+; c) DN; d) RT.
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F  of 5.5

b
fl
c
m
t
m
t

ig. 3. SF configuration at SOF (top) and EOF (bottom) with a flat top plasma current

een considered as starting point in our analysis with no current
owing in the internal coils C1–C4. An advanced SF− configuration
an be obtained by using the in-vessel coils, as shown in (Fig. 4b),
odifying the distance and the poloidal flux difference between
he two nulls from SF+ (Fig. 4c) to SF−(Fig. 4d) and consequently
odifying the flux flaring around the main null, characterized by

he magnetic field gradient. Indeed, the dependence of �BP (the
 MA,  a flat top swing of 6.5 Vs and a maximum vertical force on the PF coils ≤30 MN.

gradient of the poloidal magnetic field BP) in the primary x-point
on the distance between nulls is described in [24] as criterion of
interdependence between them. A self-explanatory way  to show
the aforementioned dependence is to plot the iso-contours of B
P

around the nulls, as discussed in [24,5], for the SF configurations
with and without in-vessel coils (Fig. 4c–d). A direct manifestation
of the interdependence between the nulls is that the flux flaring
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Fig. 4. Use of internal coils C1-C4 for the modification of the SF+ configuration into a SF- configuration. a) SF+ equilibrium at SOF in Table 4 b) SF- equilibrium generated
from  the reference SF+ with the use of the internal coils; C1 = 28.7 kA, C2 = −60 kA, C3 = 0.5 kA, C4 = 50.7 kA c) poloidal magnetic field of the SF+ configuration in the divertor
region;  d) poloidal magnetic field of the SF- configuration in the divertor region.
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Fig. 5. Use of internal coils C1-C4 for the modification of the SF+ configuration into a XD configuration. a) XD equilibrium generated from the reference SF+ with the use of
t g a pl
fi g the o
t

(
a
∇
d

he  internal coils C1 = −2.6 kA, C2 = −43.0 kA, C3 = −0.5 kA, C4 = 57.3 kA and assumin
eld  of the XD configuration in the divertor region; d) Poloidal magnetic field alon
arget.

characterized by the poloidal field gradient) in the main null is

ffected by the presence of the second null. As shown in Fig. 4,
BP depends on the distance between the nulls. This flaring is then
irectly translated to an increase of the main magnetic divertor
asma current of 4 MA  b) XD equilibrium in the divertor region c) poloidal magnetic
uter leg as a function of the r-coordinate of the leg points from the X-point to the

geometry parameters (poloidal flux expansion, connection length,

etc.), as reported in Table 6, and consequently, to an increased wet-
ted surface area and reduced heat flux [24].
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Table 5
Comparison of cost and benefits of the various configurations at flat top.

Configuration SN SF SF+ DN RT

Ip [MA] 6 4 5 5 5
Flux  swing at flat top 10.11 11.53 7.45 7.85 7.74
�  |IPF/CS|max [MAturns]a 49.7 41.8 43.4 52.4 40.9
Max. force on single coil Fz,PF (MN) 10.5 21.5 18.4 13.2 19.7
Max. vertical force on CS Fz,PF(total) (MN) 7.6 3.4 5.3 5.7 2.1
Max. CS separation force Fz,PF(sep) (MN) 18.7 15.9 14.9 13.4 9.0
Plasma volume (m3) 39 36 39 36 40
Poloidal flux expansion inboardb 11.8 56.8 20.3 7.0 13.9
Poloidal flux expansion outboardb 10.9 28.9 28.7 6.3 9.9
Connection length inboardb 42.6 96.7 57.5 25.1 57.5
Connection length outboardb 23.6 45.6 40.6 21.8 25.4
growth rate a[s−1] 42 123 86 124 70
stability margina 0.47 0.18 0.25 0.18 0.30

a Calculated at SOF with axisymmetric models ignoring the effects of first wall
and  ports.
1.2 1.4 1.6 1.8 2 2.2 2.

Fig. 6. DTT attractive configurations obtained by means of i

An advanced XD configuration can be also obtained by using the
ower in-vessel coils C1–C4, as shown in Fig. 5, adding a secondary
-point in the vicinity of the outer divertor plate and flaring the
ux surfaces of the plate. Other attractive configurations could be

urther studied by means of in-vessel coils, as discussed in [25] and
hown in Fig. 6, focusing on the possibility to enlarge the “flatness”
P region around the two nulls by acting on C1-C4 currents. The
urrent saturation at 60 kA might limit the performance of the in-
essel coil system. However, there is the possibility of doubling the
ross section of each internal turn, which is feasible according to the
hermal analysis reported in [11], or reducing the reference plasma
urrent of the configuration.

In-vessel coils C5–C6 can effectively be used for plasma radial
ontrol and vertical stabilization [25]. They are also used in the
reakdown phase to produce a 6 mT  vertical field.

In-vessel coils C1–C4 as well as C7–C8 can be used for plasma
obbling or strike point sweeping (in any case no more than 4

nternal coils will be fed in addition to C5–C6 during a pulse). The
alculations show that 120 kA in C1 and C3 connected in antiseries
ould yield 64 mm sweeping on the outer strike point and 42 mm

n the inner one. However, there are some side effects outside the
acuum vessel (e.g., 25 kA turns induced in PF6). Optimization of
requency and currents for strike point sweeping is planned in the
uture.

. Cost and benefits of the configurations and final
onclusions

The feasibility of SN and ACs in DTT depends on whether there
re engineering solutions to achieve such configurations and how
uch it would cost. This section, therefore, distinguishes between

onstraints that must be met  and costs of the configurations that are
ompared to the costs of the reference SN solution. The constraints
f the configurations are mainly related to the maximum vertical
orces of the PF/CS coils. The costs of the configurations are quanti-

ed in terms of total current request on the PF and CS coil system,
elated to the costs of the PF coil system, and the plasma current,
he plasma volume and the flat top flux swing of the configurations,
elated to the expected fusion power output.
b Calculated at SOF at a distance of 20 cm from the active null point with BT = 6T
at  R = 2.15 m.

The potential benefits of the configurations arise from the mod-
ified magnetic geometry. Most ACs seek to increase the connection
length, the flux expansion and the SOL volume too. In this prelimi-
nary stage where the divertor design is still ongoing, the connection
length and the flux expansion are evaluated at a fixed distance of
20 cm from the active null point. The connection length is evalu-
ated assuming a SOL width on the outer equatorial plane of 2 mm
(Fig. 7). Among the benefits of the configurations, the effects of
the modified magnetic geometry on the vertical instability growth
rate and stability margin is also considered. The evaluation of these
parameters has been performed assuming axisymmetric toroidally
continuous vacuum vessel neglecting the effects of the ports and of
a conductive first wall.

The comparison among the various configurations in terms of
constraints, costs and benefits is reported in Table 5 assuming zero
current on the internal coils. Table 6 shows the effect of internal
coils currents on the figures of merit of the SF+ configuration assum-

ing fixed PF-CS coil currents. These results show that all alternative
configurations are more demanding on the PF/CS coils system in
terms of currents and vertical forces. Indeed, a reduced value of
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Fig. 7. 2D and 3D views of the scrape off layer for the SN configuration.

Table 6
Comparison of flux expansion and connection length of the SF plus and minus configurations with and without internal coils.

Flux expansion IN Flux expansion OUT Connection Length IN Connection Length OUT
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[25] R. Albanese et al. DTT Facility design in view of DEMO, to be presented at IAEA
DEMO Programme Workshop, 15–18 November 2016, Karlsruhe, Germany.

[26] M.  Valisa et al.,The DTT device: data acquisition, diagnostics and control,
SF+, no in-vessel coils: C1-C4 = 0kA 20.3 

SF-,  in-vessel coils: C1 = 28.7kA, C2 = −60kA, C3 = 0.5kA, C4 = 50.7kA 22.7 

he plasma current has to be considered to satisfy the constraints.
n the other hand, both the SF and the SF+ configurations yield

 considerable increment of connection length and poloidal flux
xpansion at a fixed distance of 20 cm from the active null point.

 detailed controllability analysis of the alternative configurations
asn’t been performed for DTT at the present phase. However, low
radient flux surfaces in the divertor region can make some alter-
ative configurations (SF, SF+ and SF−)  more sensitive to plasma
urrent parameters variations. These data will be useful for a proper
efinition of revised divertor structures optimized for the various
pecific configurations.
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