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3 École Polytechnique Fédérale de Lausanne (EPFL), Swiss Plasma Center (SPC), Lausanne, Switzerland
4 Oden Institute for Computational Engineering and Sciences, University of Texas at Austin, Austin, TX,
United States of America
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Abstract
Experiments, gyrokinetic simulations and transport predictions were performed to investigate if
a negative triangularity (NT) L-mode option for the Divertor Tokamak Test (DTT) full-power
scenario would perform similarly to the positive triangularity (PT) H-mode reference scenario,
avoiding the harmful edge localized modes (ELMs). The simulations show that a beneficial
effect of NT coming from the edge/scrape-off layer (SOL) region ρtor > 0.9 is needed to allow
the actual NT L-mode option to perform like the PT H-mode. Dedicated experiments at TCV
and AUG, with DTT-like shapes, show an optimistic picture. In TCV, experiments indicate that
even with the relatively small triangularity of the DTT NT scenario, a large beneficial effect of
NT comes from the plasma edge and SOL, allowing NT L-modes to outperform PT L-modes
with the same
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power input, reaching the same central pressures as PT H-modes with twice as much applied
heating power. For AUG, NT plasmas go into H-mode more easily than for TCV, but always
present much smaller pedestals compared with PT plasmas with the same input power, showing
a much weaker or absent ELM activity. However, NT has a smaller beneficial effect for AUG
than for TCV, with NT pulses outperforming PT pulses with the same input power only for an
ECRH-only case with relatively low input power. For the considered AUG cases, PT pulses
perform better than NT ones at higher ECRH power or with mixed NBI and ECRH power.
Based on this analysis, the NT option is a viable alternative for the DTT full power scenario,
providing high performance plasmas with reduced or absent ELMs.

Keywords: negative triangularity, heat transport, turbulence, gyrokinetics, DTT, TCV, AUG

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

1. Introduction

Experiments performed at TCV [1–3], DIII-D [4–6] and AUG
[7] indicate it is possible, in some cases, for negative trian-
gularity (NT) plasmas [8], i.e. plasmas with D-shape convex-
ity directed towards the inside of the torus instead of the out-
side, to perform comparably to H-mode plasmas with standard
‘D-shaped’ cross-section (positive triangularity: PT). In NT
plasmas, an H-mode-like plasma performance can be achieved
with reduced or even absent edge localized modes (ELMs),
detrimental instabilities which could potentially damage the
tokamak in fusion reactor regimes [9, 10]. Since the physics
behind the performance improvement in NT compared to PT
is not yet fully understood, current experimental, theoretical,
and numerical analysis is ongoing in order to investigate it
[11]. This is required for extrapolating to possible future NT
fusion reactors [12, 13]. An NT option is under design for the
full-power scenario [14] of the Divertor Tokamak Test (DTT)
facility [15]. DTT is under construction in Italy and aims to test
alternative designs and materials for the divertor, within the
roadmap to the EU DEMO [16]. Since DTT is still under con-
struction, it is impossible to perform direct experiments to test
such scenarios. Therefore, two different approaches were fol-
lowed by the authors to investigate the predicted performance
of the DTT NT scenario: first, a numerical modeling effort by
means of predictive transport simulations and gyrokinetic sim-
ulations was performed [17, 18], then dedicated experiments
at TCV [19] and AUG [20] were carried out, obtaining plas-
mas with NT shape close to the DTT one at reduced volume.
The outcomes of these analyses are collected here, comparing
the results that were obtained with the numerical and experi-
mental approaches, in order to construct a coherent picture of
the underlying physics.

The numerical analysis of the DTT scenario was carried
out as follows: predictive simulations with the transport code
ASTRA [21, 22], coupled with the quasilinear model TGLF
[23] with the saturation rule SAT2, were run first. The PT
H-mode reference DTT full-power scenario with neon seed-
ing was compared with the NT L-mode option, calculating,
self-consistently, the NBI/ECRH/ICRH power input and the
impurity profiles. Then, these results were validated at two

selected radii by gyrokinetic simulations with the GENE code
[24, 25].

In TCV experiments, in addition to the PT H-mode/NT L-
mode comparisons, PT L-modes were obtained to understand
how the transport in L-mode improves when changing the sign
of the triangularity from PT to NT.Moreover, different heating
mixes were applied, namely NBI-only, mixed NBI/ECRH and
ECRH-only, to carry out a thorough analysis.WhenNBI injec-
tion was present, PT/NT L-modes with lower NBI power were
compared with PT H-modes with double NBI power. The res-
ults were then interpreted with ASTRA-TGLF SAT2 transport
simulations, and GENE at selected radii.

Unlike TCVplasmas, NT discharges in AUG tend to go into
H-mode when operated with the ion∇B drift pointing towards
the X-point (called ‘favorable configuration’), compared with
the opposite configuration where the ion∇B drift points in the
opposite direction to the X-point (called ‘unfavorable config-
uration’). Thus, both ‘favorable’ and ‘unfavorable’ configura-
tions were obtained, to include in the PT/NT comparisons at
least one NT discharge operating in L-mode. PT discharges
from the AUG database, with high shaping and comparable q
(same current and field), were compared with the NT pulses.
The experiments were interpreted with ASTRA-TGLF SAT2
simulations.

2. DTT/TCV/AUG predictive transport modeling and
TCV/AUG experimental results

The DTT full-power scenario is being designed by means
of integrated modeling [14, 26]. The reference PT is an H-
mode with Bt = 5.85 T/Ip = 5.5MA and neon seeding, where
45MW are injected with an ECRH+NBI+ICRH heating mix
(PECRH = 32MW, PICRH = 8MW, PNBI = 10MW). The total
ECRH, NBI, and ICRH input power is kept fixed for the NT
scenario, while the power deposition profiles are computed
self-consistently in the two PT/NT options. Bt is also kept
fixed, while a lower Ip = 4MA plasma current is considered
for the NT scenario, since a plasma current limit of 4MA for
the Single Null NT configuration is present, due to the engin-
eering constraints on the maximum forces on the poloidal field
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system. This also allows us to have similar q95 for the PT and
NT options, since the different PT/NT shapes compensate for
the Ip difference. Finally, the NT case was assumed to be an
L-mode, and the possible beneficial effects of reversing the tri-
angularity of the DTT PT scenario, coming from the plasma
edge and/or from the scrape-off layer (SOL), were neglected
[18]. As a consequence, the predicted performance for the NT
scenario is a lower boundary, which could be improved by
accounting for a beneficial effect of reversing the triangularity
coming from the edge-SOL. We refer to [18] for more inform-
ation about how the PTH-mode pedestal and NT L-mode edge
n,T boundary conditions were set for the DTT scenarios.

The effect of changing the triangularity of the DTT full-
power scenario from positive to negative on the plasma per-
formance was investigated by our group by running numer-
ical simulations, and by carrying out experiments with similar
shapes at TCV and AUG. The plasma shapes of the PT/NT
DTT full-power scenarios, as well as the main geometrical
parameters of interest for the analysis, such as the safety
factor q, the triangularity δ and the elongation κ, defined as
in [36], are shown in figure 1 in black. As can be observed
in figure 1(a), the DTT PT scenario presents an almost up-
down symmetric shape, while the NT shape is up-down
asymmetric.

Here, ρtor =
√
Φ/Φedge is the normalized toroidal radius,

where Φ is the flux of the toroidal magnetic field. A selec-
tion of corresponding quantities from TCV and AUG exper-
iments are shown in red and blue, respectively. As can be
observed in figures 1(a)/(c), the DTT shapes and triangular-
ities were reproduced with a good approximation in TCV
and AUG experiments. To avoid Vertical Displacement Events
(VDEs), the elongation was reduced in TCV and AUG pulses
with respect to the DTT reference profiles (figure 1(d)).
For DTT, the LCFS shapes were computed with the free
boundary CREATE-NL solver [27] and the equilibria inside
the last close flux surface (LCFS) with ASTRA using the
SPIDER equilibrium code [28]. The TCV experimental equi-
libria are obtained with LIUQE [29], while the AUG equilibria
with IDE [30].

2.1. Predicted (DTT) and experimental (TCV/AUG) profiles

Let us now consider the numerical and experimental results.
The predictive transport simulation output is shown for DTT,
where the experiments are not yet possible, while the exper-
imental results are reported for TCV and AUG. The kinetic
profiles of pressure, density and temperature are shown in
figures 2 and 3.

The results of the ASTRA-TGLF predictive transport sim-
ulations of the DTT PT H-mode and NT L-mode scenarios,
performed with density and temperature boundary conditions
at ρtor = 0.94, are shown in red and blue, respectively, in
figure 2(a). They show that the NT L-mode scenario is not
able to recover the loss of the PT H-mode pedestal and achieve
similar total pressures ptot ≃ neTe + niTi + nNeTi. This being
possibly due to the |δ| value not sufficiently large to result in
a significant improvement of the core transport. More details

Figure 1. (a) Plasma shapes (last close flux surface: LCFS) for DTT
PT/NT scenarios (black solid/dashed), TCV pulses
#73391/#73388/#73382 (PT H-mode/PT L-mode/NT L-mode, red
solid/dotted/dashed) and AUG pulses #36157/#40473 (PT/NT
H-modes, blue solid/dashed). Radial profiles of (b) safety factor q,
(c) triangularity δ and (d) elongation κ, corresponding to the cases
in (a), following the same color/line style codes.

on the DTT predicted ne, Te and Ti profiles are given in the
first column of figure 3, following the same color code. The
Te predictions inside ρtor = 0.2 should not be trusted, since
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Figure 2. (a) DTT ASTRA-TGLF predicted ptot profiles: PT reference H-mode full-power scenario with neon seeding and corresponding
NT L-mode scenario, both with injected PECRH = 32MW, PICRH = 8MW, PNBI = 10MW. Reproduced from [18]. © 2024 The Author(s).
Published by IOP Publishing Ltd on behalf of the IAEA. All rights reserved CC BY 4.0. (b) TCV experimental ptot profiles: comparison of
higher NBI power PT H-mode (#73391, t= 0.72–0.74 s, PNBI = 1MW) with half power PT/NT L-modes (#73388/#73382, both for
t= 0.68–0.79 s). Reproduced from [19]. © The Author(s). Published by IOP Publishing Ltd. CC BY 4.0. (c) AUG experimental pe profiles:
PT/NT H-modes with PECRH = 2.9MW (#36157, t= 4.6–4.9 s/#40473, t= 3–3.5 s), PT/NT H/L-modes (#40647, t= 3.4–4 s/#40866,
t= 2.6–2.8 s). Reproduced from [20]. © The Author(s). Published by IOP Publishing Ltd. CC BY 4.0.

Figure 3. Te (first row), Ti (second row) and ne (third column) profiles, with columns corresponding to the cases of figure 2. DTT (first
column): ASTRA-TGLF predicted profiles; TCV (second column): experimental profiles; AUG (third column): experimental profiles. (a),
(d), (f ) Reproduced from [18]. © 2024 The Author(s). Published by IOP Publishing Ltd on behalf of the IAEA. All rights reserved CC BY
4.0. (b), (e), (g) Reproduced from [19]. © The Author(s). Published by IOP Publishing Ltd. CC BY 4.0, while (c), (h) Reproduced from
[20]. © The Author(s). Published by IOP Publishing Ltd. CC BY 4.0.
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TGLF predicts unrealistically high electron heat transport in
that region [18]. One can observe that, even though the NT
electron density recovers and exceeds the PT central values,
both Te and Ti for NT stay well below the PT counterparts
across the full plasma radius, preventing the total pressure
from recovering the loss of the PT H-mode pedestal for the
most of the radial domain, resulting in poorer performance
for NT. We point out that TGLF uses an up-down symmetric
Miller local analytic equilibrium, only accounting for elonga-
tion κ and triangularity δ:

R(θ)−R0 = acos
[
θ− sin−1 (δ)sin(θ)

]
(1)

Z(θ)−Z0 = aκsin(θ) , (2)

where R0, Z0, a (geometrical minor radius) are defined as
in [36], and the triangularity δ is obtained as an average of
the upper and lower triangularities. As a consequence, TGLF
misses more than half of the upper NT absolute value for
the DTT NT scenario, in addition to missing all the up-down
asymmetry of the DTT NT ‘teardrop’ geometry. As a con-
sequence, ASTRA-TGLF could underpredict the beneficial
effect of the NT. Present interfaces to TGLF in the main avail-
able transport codes are limited to Miller geometry, although
work is ongoing to expand the interface to general geometry.
However, one could expect that when increasing the absolute
value of the negative δ, the NT scenario could perform better.
Therefore, a new version of the NT scenario is under design,
with larger negative upper triangularity and reduced volume,
to satisfy the engineering constraints. In addition, the possib-
ility for the DTT NT scenario to access larger edge pressure
gradients than L-mode-like is open, still not reaching values
compatible with H-mode pedestals due to the inhibited access
to the second stability region of high-n ballooning modes for
sufficiently negative δ [31–35]. This could contribute to the
possible improvement of the DTT NT scenario performance.

On the contrary, TCV experiments draw a much more
optimistic picture. For clarity, figures 2 and 3 show the same
cases for both TCV and AUG. For TCV, the cases with
only NBI are shown: a larger NBI power PT H-mode (red)
is compared with half power PT(black)/NT(blue) L-modes.
Figure 2(b) shows that NT L-mode performs significantly bet-
ter than PT L-mode, reaching a central total pressure ptot ≃
neTr + niTi + nCTi (C indicates the main impurity: carbon)
comparable to PT H-mode, which has double injected NBI
power. This large beneficial effect of NT is shared by all the
main kinetic profiles, i.e. Te, Ti and ne, as can be observed in
the second column of figure 3. Differently from what was pre-
dicted by the DTT simulations of [18], this is exactly how one
would wish NT to behave. A similar optimistic picture has also
been obtained for mixed ECRH/NBI pulses and ECRH-only
ones (for ECRH-only pulses only a PT/NTL-mode couple was
obtained) [19]. The NBI heated cases present the largest bene-
ficial effect.

Considering AUG, the picture is more complicated. Let
us start from the comparison of a PT and a NT ELMy H-
mode with ECRH-only (same ECRH power). This is shown
in figure 2(c) and in the third column of figure 3 with red/blue

solid lines. The ion temperature has not been shown for con-
sistency, since it was only measured for pulse #40473 at the
considered time slice. Consistently, only the electron pressure
pe is shown. The data show that the NT discharge presents a
smaller pedestal, but overall, the PT/NT pe profiles are roughly
similar, with the NT profile recovering the PT one outsidemid-
radius. Looking at the single n,T profiles, the NT pulse recov-
ers the PT Te values for ρtor > 0.8, reaching 40% larger cent-
ral values. However, this is only partially due to a reduced heat
transport in NT. Indeed, part of this improvement comes from
the 30% smaller central density for NT compared with PT,
with same heating, resulting in a larger Te. The smaller dens-
ity of the NT pulse, however, reduces the electron-ion colli-
sional energy exchange and, given that these cases are elec-
tron heated, should lead to a smaller Ti. This is indeed what is
found by predicting Ti with ASTRA-TGLF, as will be shown
in the following. As a consequence, even though the pe are
similar for PT/NT, pi is smaller for NT. Ti was only meas-
ured for the NT H-mode pulse #40473 (see figure 9(e) in the
following), and presents central Ti/Te ∼ 40%, consistent with
the ECRH heating. Now, let us consider an H-mode/L-mode
PT/NT couple that was obtained creating the L-mode in the
‘unfavourable configuration’. The results are shown by dashed
lines. Here, the NT L-mode recovers the central Te of the PT
H-mode, with a slightly smaller central density, thus obtaining
a similar electron pressure. For this case, as will be shown in
detail in the following, ASTRA-TGLF predicts larger Ti for
the NT case, resulting in a larger pi. However, in this case the
PT plasma is an ELM-free H-mode (EDA) [37, 38], therefore,
there is no practical gain for this case when changing the trian-
gularity to NT, since in both pulses there are no ELMs. Finally,
NT H-modes with ECRH+NBI were obtained at AUG. The
results are not shown here for brevity, and we refer to [20]
for more details. The NT pulses were compared with PT H-
modes with the same heating power. A couple of discharges
with PT/NT DTT-like shapes were obtained, but the PT H-
mode has a much larger density, leading to lower pi for the
NT plasma. A couple of PT/NT pulses with ECRH+NBI were
obtained, matching both the heating power and the density, but
for this couple the PT geometry is different from the DTT PT
scenario, with reduced triangularity (δLCFS = 0.26). For this
case, the NT plasma performs better than the PT one, but prob-
ably due to the reduced positive δ of the PT counterpart. As a
final remark, the pedestal height, and therefore the intensity
of the ELM activity, is much reduced in NT pulses, compared
with the corresponding PT ones [39]. Summing up, in AUG,
even though it is possible to weaken the ELMs by changing
the triangularity to negative, it is not always possible to reach
a similar or larger performance. In particular, it is only possible
to reach higher central ion pressure for NT for the lower power
ECH only case and for a mixed NBI/ECRH case with reduced
PT. Therefore, the beneficial effect of NT seems to be larger
for TCV than for AUG. The reason for this difference is still to
be understood. A possible evident difference could be the wall
material, which is carbon for TCV and tungsten for AUG and
DTT. A detailed analysis of the effect of impurities on the heat
transport in the plasma edge of TCV and AUG is then planned

5



Nucl. Fusion 64 (2024) 106024 A. Mariani et al

Figure 4. Normalized logarithmic gradients of ptot, corresponding to the profiles of figure 2, for DTT (a), TCV (b) and AUG (c). (a)
Reproduced from [18]. © 2024 The Author(s). Published by IOP Publishing Ltd on behalf of the IAEA. All rights reserved CC BY 4.0.

as a future work. In addition, finite-size effects (global effects)
could potentially affect the relative transport levels for PT/NT
plasmas for the relatively small TCVplasmas [40, 41], but they
are expected to be small for DTT and AUG, which are relat-
ively larger machines. To investigate this second possibility,
global GENE runs of TCV NBI-only PT/NT pulses are ongo-
ing. However, the global effects are not likely to be a good can-
didate, since the TCV PT-NT L-modes at ρtor = 0.95 display
rather small ρ⋆ = ρs/a∼ 1/357− 1/278 values. In addition,
flux-tube gyrokinetic simulations are already able to explain
and even overpredict the direct beneficial effect of NT on TCV
plasmas, as will be shown in the following.

2.2. Turbulence drive: logarithmic gradient of n,T

To investigate the role that the transport inside the separat-
rix has on the beneficial effect of the NT on the kinetic
profiles, one can first look at the normalized logarithmic
gradients a/Lptot =−d(logptot)/dρtor of the total pressure
(a/Lpe for AUG, where the Ti measurements are missing).
In the definition of the normalized logarithmic gradients, a=√
Φedge/πB0 provides an estimate of the average minor radius

of the tokamak. The results are shown in figures 4(a)–(c),
for DTT/TCV/AUG, respectively, corresponding to the pres-
sure profiles of figures 2(a)–(c). One notes that, when compar-
ing PT H-modes with NT L-modes, a/Lp is always larger for
the H-mode outside the pedestal top, as can be seen by com-
paring with figure 2, while it is smaller inside it, due to the
common flattening of the kinetic profiles inside the pedestal
of an H-mode, due to transport physics. The same holds for
the corresponding Te, Ti, and ne profiles, shown in figure 6.
This can be seen in both DTT and AUG cases. For the AUG
higher power PT/NT H-mode/H-mode comparison, one sees
that the NT logarithmic gradients are larger for ρtor < 0.9,
similarly to the lower ECRH power PT/NT H-mode/L-mode
comparison.

The TCV results can help better understandwhere the effect
of the triangularity impacts the L-mode profiles, since both
PT and NT L-modes are available and have the same injected
NBI power. Indeed, when looking at figure 4(b), one observes
an interesting feature: the PT/NT L-modes have almost equal
normalized logarithmic gradient of the total pressure a/Lptot

along the whole radius. Therefore, the effect of NT on the total

Figure 5. Total pressure profiles of TCV NBI-only pulses in the
plasma edge (detail of figure 2 (b)). Reproduced from [19]. © The
Author(s). Published by IOP Publishing Ltd. CC BY 4.0.

pressure, which results in an almost double central value for
the NT L-mode, is just due to the fact that the NT pulse has
almost double the total pressure at the separatrix (see figure 5).
Indeed, if two radial profiles have the same logarithmic gradi-
ent, their ratio is a constant. When considering the logarithmic
gradients of the single Te, Ti, and ne profiles (second column
of figure 6), one sees that a strong beneficial effect of NT is
present for Te for ρtor > 0.9, and in the same radial region a
milder beneficial effect is also found for Ti, and ne. NT is also
found to increase the logarithmic gradients of the kinetic pro-
files for the ECRH and NBI/ECRH cases, outside ρtor = 0.8
[19]. For the NBI-only case, this beneficial effect on a/LTe,
a/LTi, and a/Lne could seem in contrast with the fact that
a/Lptot is the same for PT and NT pulses. The reason for this
apparent disagreement is that for this particular pair of pulses,
carbon impurity accumulates at the edge, with larger accumu-
lation for the PT case (nc/ne(PT, ρtor = 1)∼ 13%, nc/ne(NT,
ρtor = 1)∼ 6%) leading, based on neutrality ni = ne − 6nc,
to a larger a/Lni for PT compared to NT. This compensates
the gain in a/LTe, a/LTi, and a/Lne, giving the same a/Lptot

for PT and NT L-modes. Therefore, for this case only, the
improvement of a/LTe, a/LTi, and a/Lne inside the separatrix
is essential to compensate the smaller ni peaking due to carbon
accumulation. For the ECRH and NBI/ECRH cases, a/Lptot is
larger for NT L-modes compared with PT L-modes outside
ρtor = 0.8 [19].
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Figure 6. Normalized logarithmic gradients of Te (first row), Ti (second row) and ne (third row), corresponding to the profiles of figure 3,
for DTT (first column), TCV (second column) and AUG (third column). (a), (d), (f ) Reproduced from [18]. © 2024 The Author(s).
Published by IOP Publishing Ltd on behalf of the IAEA. All rights reserved CC BY 4.0. (b), (e), (g) Reproduced from [19]. © The
Author(s). Published by IOP Publishing Ltd. CC BY 4.0, while (c), (h) Reproduced from [20]. © The Author(s). Published by IOP
Publishing Ltd. CC BY 4.0.

These results suggest that, for the considered cases with
DTT-like shapes, when comparing PT/NT L-modes, a bene-
ficial effect of NT comes from reduced transport in the edge
region ρtor > 0.8 while, when comparing PT/NTH-modes, the
beneficial effect starts more inside.

The analysis of the logarithmic gradient of ptot for the TCV
NBI-only cases suggested that the boundary conditions of the
kinetic profiles at the separatrix could be the main contribut-
ors to the better properties of NT compared with PT pulses.
To test the effect of the n,T boundary conditions at the LCFS,
a numerical exercise was performed for the TCV NBI-only
cases by considering the Te, Ti, and ne profiles. The impact of
changing n,T at ρtor = 1 on the corresponding central values
was roughly evaluated by integrating the n,T profiles of the
PT L-mode for ρtor < 1, keeping fixed the PT L-mode logar-
ithmic gradients but imposing the n,T values at ρtor = 1 from
the correspondingNTL-mode (and vice-versa). It is found that
the difference of n,T at the LCFS contributes roughly half of

the difference between the central values between PT and NT
L-modes, as is shown for Te in figure 7(a) (for Ti, this is only
true outside ρtor ∼ 0.6, since inside that radius the transport
properties become worse for NT, but the triangularity should
not matter for ρtor < 0.6). The additional half comes from the
improved logarithmic gradients in NT. This suggests that the
physics of the SOL can play an important role, contributing a
large portion of the beneficial effect of NT.

This is confirmed for TCV, where steeper n,T profiles are
found for NT L-modes than for PT L-modes in the SOL (cor-
responding to a narrower λq, in agreement with what was
reported in [42, 43]). The Te profiles of the TCV NBI-only
cases in the edge-SOL are shown in figure 8(a). For AUG,
even though the experimental measurements do not allow us to
estimate with precision if the n,T profiles are different for PT
and NT pulses, the NT cases do not present a typical H-mode
pedestal, while this is compensated by larger gradients at the
LCFS. The Te profiles of the AUG ECRH-only cases in the
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Figure 7. Electron temperature profiles of the NT L-mode (blue),
PT L-mode (black) and PT H-mode (red) scenarios of the TCV
NBI-only case. The solid lines correspond to the experimental
kinetic profiles, the dashed lines indicate scenarios where we
artificially reconstructed a profile by keeping fixed the logarithmic
gradients and swapping boundary conditions (BC) between NT and
PT. Reproduced from [19]. © The Author(s). Published by IOP
Publishing Ltd. CC BY 4.0.

edge-SOL are shown in figure 8(b). Unfortunately, for AUG
PT L-modes were not obtained to compare with. The over-
all picture agrees with what is emerging within the working
group of the EUROfusion TSVV task 2, where NT L-modes
are found to produce an intermediate ‘proto-pedestal’ between
the PT H-mode pedestal and the L-mode edge, probably due
to a reduced turbulent transport around the separatrix.

Summing up, based on the analysis of TCV and AUG
experiments with DTT-like shapes, given the relatively small
|δ| of the NT scenario, a large part of the beneficial effect of
NT could come from the far edge ρtor > 0.9, or even from the
SOL, through the boundary conditions of n,T at the LCFS.
Therefore, in order to estimate how these contributions could
modify the results of the DTT PT/NT comparison, a rough
estimate of the possible effect of the edge-SOL was done,
assuming that it could be similar for the DTT NT scenario
and for the TCV experiments. In figure 8(c), the modification
of the DTT NT Te profile that is predicted by the ASTRA-
TGLF simulations with boundary conditions at ρtor = 0.94,
due to a possible beneficial effect of NT coming from ρtor >
0.94, is shown. The resulting increase of Te is of +30%.
The ‘improved’ electron temperature profiles (black lines) are
computed as

T̄e (ρtor) = T̄e (ρ̄tor)e
´ ρtor
ρ̄tor

a
LTe

dρ
′
tor , (3)

with ρ̄tor = 0.94,1 and T̄e(ρ̄tor) = Te(ρ̄tor) ∗ 1.3,Te(ρ̄tor) ∗
1.15, respectively, corresponding to the solid and dashed lines,
where a/LTe is kept equal to the ASTRA-TGLF output for the
DTT NT scenario. The solid black NT L-mode profile is now
able to reach the same central temperature as the PT H-mode.
In this hypothetical case, the beneficial effect of NT is equally
split between a +15% increase of Te at the LCFS, coming
from an improved heat transport for NT in the SOL, and an
additional +15% coming from a possibly weaker heat trans-
port for δ < 0 in the 0.94< ρtor < 1 region. These values are

Figure 8. (a) and (b) Te experimental profiles in the plasma edge
and SOL, for TCV NBI-only cases and AUG ECRH-only cases,
respectively. (c) Possible beneficial effect of reversing the sign of
the triangularity on the Te profile of the DTT NT scenario, coming
from ρtor > 0.94. The dashed black curve is obtained by increasing
by +15% the Te value at the LCFS and keeping fixed a/LTe inside
ρtor = 1 while, for the solid black curve, Te is increased by +30% at
ρtor = 0.94 and then, similarly to the dashed one, a/LTe is kept fixed
inside that radius. (a) Reproduced from [19]. © The Author(s).
Published by IOP Publishing Ltd. CC BY 4.0. (c) Reproduced from
[18]. © 2024 The Author(s). Published by IOP Publishing Ltd on
behalf of the IAEA. All rights reserved CC BY 4.0.

roughly compatible with the effect that is observed in TCV
NBI-only cases when comparing PT/NT L-modes with the
same input power.

2.3. Comparison: experimental/predicted TCV/AUG profiles

ASTRA-TGLF (SAT2) predictive simulations were also run
for the TCV and AUG experiments. The results for the TCV
cases with NBI-only and AUG cases with ECRH-only are
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Figure 9. ASTRA-TGLF predictive transport simulations. The predicted Te/Ti/ne profiles (solid thick lines) are shown in the
first/second/third column, respectively, and compared with the experimental data, when available. The dashed lines indicate the fit of the
experimental data. (a)–(c) TCV NBI-only L-modes; (d)–(f ) AUG ECRH-only higher power H-modes; (g)–(i) AUG ECRH-only lower
power PT/NT H-mode/L-mode couple. (a)–(c) Reproduced from [19]. © The Author(s). Published by IOP Publishing Ltd. CC BY 4.0.
(d)–(i) Reproduced from [20]. © The Author(s). Published by IOP Publishing Ltd. CC BY 4.0.

shown in the first row of figure 9(TCV), and in the following
two rows (AUG), respectively. The profiles of the PT scen-
ario predicted by ASTRA-TGLF were flattened for ρtor < 0.3,
approximately inside the q= 1 magnetic surface, to mimic the
presence of the sawteeth, and better match the experiment. For
TCV, ASTRA-TGLF with boundary conditions at ρtor = 0.95
reproduces the electron n,T profiles (figure 9(a)/(c)) reason-
ably well both for PT and NT shots, while it underestimates
the ion temperature (figure 9(b)). ASTRA-TGLF is able to par-
tially reproduce the beneficial effect coming from NT shape,
but when looking at the logarithmic gradients, this effect is
confined to the very edge ρtor > 0.98 [19], much outside the
region ρtor > 0.9 where the beneficial effect of NT is seen in
the experimental data. Therefore, it seems mainly related to
the improved boundary condition.

On the contrary, for AUG, ASTRA-TGLF with boundary
conditions at ρtor = 0.85 for the H-modes and ρtor = 0.95 for
the L-mode is able to reproduce very well the experimental
data, as is shown in 9(d)–(f ) and (g)–(i), corresponding to
the ECRH-only cases with higher and lower injected power,

respectively. The ASTRA-TGLF runs also give us important
information about the predicted Ti profiles, that are not meas-
ured except for the lower power #40473 NT pulse. The fact
that the prediction agrees with the experiment for that case is
encouraging, and we can thus use the Ti predictions to have
a prediction of the total pressure or the ion pressure, as we
anticipated earlier in the text. However, as shown in the fol-
lowing, this does not mean that TGLF can explain the better
performance of some of the NT pulses in terms of reversed
triangularity.

Indeed, for all DTT, TCV and AUG cases, a numerical
experiment was performed, by flipping the LCFS shape of
NT and PT around the magnetic axis. For DTT, a beneficial
effect of NT was only found when flipping the LCFS of the
PT up-down symmetric and higher-δ shape, mostly improv-
ing the central Te for NT. For TCV, an even larger beneficial
effect, compared with DTT, is only foundwhen flipping the PT
shape, only impacting ne and Ti. For AUG, a beneficial effect
of NT was found when flipping the PT shape, and a smaller
but non-negligible one when flipping the NT shape. The larger

9
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beneficial effect that is found when flipping the PT shape is
explained in [19, 20] as due to the fact that not only the abso-
lute value of the triangularity of the NT cases is smaller than
the PT ones, but in addition, the DTT NT shape is highly up-
down asymmetric. Therefore, the up-down symmetric Miller
equilibrium that TGLF uses as an approximation for the real
one, misses more than half of the upper NT, since it averages
it with the lower triangularity, which is slightly positive. This
way, the NT shape is poorly modeled by TGLF and the effect
of reversing it is in great part lost. On the contrary, TGLF cor-
rectly represents the PT up-down symmetric shape and, there-
fore, it recovers the beneficial effect of flipping it, reversing
the triangularity.

Summing up, only part of the beneficial effect of NT
that is seen in the experiments is explained by ASTRA-
TGLF as coming from the change of δ alone, and the
rest could come from a better performance of NT in
the edge-SOL, as discussed before, or by the fact that
TGLF is badly approximating the up-down asymmet-
ric DTT NT shape with an up-down symmetric Miller
equilibrium.

2.4. Effect of NT on energy confinement: 0D parameters

To estimate the change in plasma confinement properties when
changing the triangularity, it is useful to introduce 0D paramet-
ers such as the energy confinement time τE =(plasma stored
energy/rate of energy loss) and the normalized beta βN =
β(aBt/Ip), where β =(total kinetic pressure/magnetic pres-
sure) and a is the minor radius. The results are collected in the
last two bars of figure 10 plots, for the DTT (a), TCV (b) and
AUG (c)/(d). One notes that only when comparing the TCV
PT/NT L-modes one has larger τE and βN for NT. For all the
other cases, the NT values stay below the PT ones. When com-
paring PT H-modes with NT L-modes, this is partially due
to the fact that these 0D parameters are proportional to the
integral of the pressure over the whole plasma volume, and
the presence of the pressure pedestal for the H-modes heav-
ily impacts the PT/NT comparison. Even for the AUG high
ECRH power PT/NT H-mode/H-mode comparison, the NT
H-mode presents a much smaller pedestal compared with the
PT H-mode.

However, since the fusion power density is proportional
to p2i ([44], equations 1.4.1, 1.5.4), and most of the neut-
ron fusion production is confined in the inner core, a better
fusion performance is obtained when larger pressures/temper-
atures are reached in the plasma central region. Therefore, the
average values of pi in the plasma central region are more
meaningful than τE and βN when comparing discharges with
very different edge conditions, since τE and βN, as discussed
before, give large weight to the plasma edge, which does not
produce fusion neutrons. With that in mind, we shall con-
sider here the average of p2i over the central plasma region,
defined by

⟨p2i ⟩=
1
V

ˆ 0.4

0
p2i

dV
dρtor

dρtor (4)

Figure 10. Zero-dimensional parameters: ratio of NT geometry and
PT geometry values. The dashed black line marks a ratio of 1, for
which the two configurations would have the same performance. (a)
DTT PT/NT scenarios; (b) TCV NBI-only discharges; (c) AUG
ECRH-only higher power discharges; (g)–(i) AUG ECRH-only
lower power discharges. (b) Reproduced from [19]. © The
Author(s). Published by IOP Publishing Ltd. CC BY 4.0.

with V the volume enclosed by the ρtor = 0.4 magnetic sur-
face, as a measure of the plasma performance when compar-
ing PT with NT plasmas. The region 0.2< ρtor < 0.4 mainly
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contributes to the volume integrals, since the volume enclosed
within ρtor = 0.2 is relatively small. These values are shown
by the first bars of figure 10 graphs. More information on the
main kinetic profiles contributing pi and ptot is also given in the
intermediate bars, i.e. the values of ⟨pe⟩, ⟨Te⟩, ⟨Ti⟩ and ⟨ne⟩,
with ⟨· · · ⟩ defined as in equation (4). The ⟨· · · ⟩ brackets were
omitted in figure 10 for brevity. One observes that while for
DTT ⟨p2i ⟩ is still much lower for the NT case compared with
the PT one, for TCV NT L-mode it almost reaches the double
NBI power PT H-mode, exceeding by almost four times the
corresponding PT L-mode with the same power. When one
also considers the TCV cases with ECRH-only and mixed
NBI/ECRH heating mix, which are here not shown for brev-
ity, the NT L-modes always have larger τE, βN and p2i than the
corresponding PT L-modes, positioning themselves between
the PT L-modes and the higher power PT H-modes [19]. For
the AUGECRH-only case with higher power (figure 10(c)), as
anticipated earlier, the lower density of the NT case reduces
the electron-ion heat exchange compared with the PT case,
leading also to a lower Ti and a corresponding much lower p2i .
On the contrary, for the lower power case (figure 10(d)), the
slightly lower density for the NT L-mode case is more than
compensated by the larger Ti, leading to a larger p2i .

3. Gyrokinetic simulations

Linear and nonlinear flux-tube gyrokinetic simulations were
performed with the GENE code at fixed radii for DTT and
TCV, while some preliminary runs are ongoing for AUG, to
validate the ASTRA-TGLF runs and/or interpret the experi-
ments. Let us first consider the linear results. The GENE runs
were performed including kinetic electrons, electromagnetic
effects, collisions (Landau operator) and impurities (DTT: Ne
andW, TCV: C). Positive/negative values of the real frequency
correspond to modes rotating in the ion/electron diamagnetic
direction, respectively.

3.1. Linear simulations

ForDTT, linear scans in the poloidal wavenumberwere carried
out at two radii, ρtor = 0.7,0.85, where |δ| was supposed to be
sufficiently large to impact the transport. For each radius, two
additional shapes were considered, in addition to the PT and
NT ones, obtained by rigidly flipping the LCFS with respect to
the cylinder identified by the magnetic axis, and then recom-
puting the equilibrium inside it with CHEASE. The micro-
instability regime is found to be ITG-dominant at both radii,
and a strong stabilizing effect, that halves the growth rates, is
found when flipping the triangularity in H-mode with fixed PT
profiles, while a negligible effect of flipping δ is found in the L-
mode. The linear growth rates and frequencies at ρtor = 0.85,
where the triangularity is larger and has a larger impact, are
shown in the first column of figure 11.

For TCV, since an improvement of the logarithmic gradi-
ents of Te, Ti and ne for the NT L-mode compared with the
PT L-mode was observed for ρtor > 0.9, as mentioned above,

a similar exercise was performed at ρtor = 0.95 [19]. For TCV,
the PT and NT shapes were switched, instead of flipping them
with respect to the magnetic axis. In addition, since a large sta-
bilizing effect of NT is found at ρtor = 0.95, the linear scans
were repeated at the smaller radius ρtor = 0.8, close to the TCV
radius of analysis (new results, unpublished). The TCV lin-
ear eigenvalues at ρtor = 0.8 and ρtor = 0.95 are shown in the
second and third columns of figure 11, respectively. At both
radii, for the considered NBI-only case, a continuous TEM-
ITG branch is found in all the cases except for the NT L-
mode at ρtor = 0.8, which presents negative frequency at every
wavenumber. The frequencies are more negative for the NT
cases. We also report that a TEM-dominant micro-instability
regime is found at ρtor = 0.85 for the mixed ECRH/NBI and
pure ECRH cases [19]. We also report that preliminary GENE
linear scans neglecting impurities and TGLF SAT2 runs show
that for the AUG ECRH-only pulses the micro-instability
regime is ITG-dominant, due to a large electron-ion equipar-
tition that increases qi/qe. Looking at the growth rates, a large
beneficial effect is found at the larger radius, even though it
is still strong at ρtor = 0.8, when switching the shape starting
from the PT case.

Finally, to better compare with the TCV analysis, a test was
performed for DTT, by switching the PT/NT shapes instead
of flipping them, and it is shown by crosses in (a)/(d). These
are new results, not present in [18]. One sees that flipping or
switching the shape gives similar results at the smaller-k values
that contribute to the nonlinear fluxes when starting from the
NT case, while switching the PT shape with the NT ‘teardrop’
one strongly reduces the stabilizing effect of NT that is seen
when flipping the PT up-down symmetric shape. This means
that for the DTT PT H-mode parameters an up-down symmet-
ric negative shape with slightly larger |δ|would be much more
beneficial than the one considered for the DTT NT scenario.
However, this consideration is of little practical utility, since
probably, when flipping the shape, the PT pedestal would be
much reduced and the parameters at ρtor = 0.85 would change.

3.2. Nonlinear simulations

Nonlinear GENE simulations were performed for DTT and
TCV, to estimate the effect of the NT on the heat transport.
First of all, the turbulence regime was better characterized
by looking at the electron/ions heat flux ratio qe/qi from
GENE nonlinear simulations, for the DTT and TCV cases
of figure 11, with the following results: qe/qi = 0.54/0.46
(DTT PTH-mode/NT L-mode at ρtor = 0.85), 0.77/1.62 (TCV
PT L-mode/NT L-mode at ρtor = 0.8), 1.05/1.85 (TCV PT L-
mode/NT L-mode at ρtor = 0.95). Therefore, the DTT cases
are ITG-dominant (qi > qe), the TCV NT L-modes are TEM-
dominant (qe > qi), while the TCV PT L-modes with continu-
ous linear TEM-ITG branch with frequencies close to zero
present a more balanced ITG-TEM behavior qe ∼ qi.

Figure 12(a) and (b) show the details of the total heat fluxes,
split in electron and ion contributions, corresponding to the
linear simulations in the first and last column of figure 11.
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Figure 11. GENE linear ky spectra of the growth rate γ and frequency ω of the most unstable mode, for DTT at ρtor = 0.85 (first column),
TCV NBI-only at ρtor = 0.8 (second column), and TCV NBI-only at ρtor = 0.95 (third column). (a)/(d) Reproduced from [18]. © 2024 The
Author(s). Published by IOP Publishing Ltd on behalf of the IAEA. All rights reserved CC BY 4.0. (the data with crosses are new). (c)/(f )
Reproduced from [19]. © The Author(s). Published by IOP Publishing Ltd. CC BY 4.0.

Only the ‘flipped’ PT/NT counterparts are shown for DTT,
corresponding to the simulations of [18]. The total heat flux
is reduced by 67% in H-mode when flipping δ starting from
PT, even more than the linear stabilizing effect on the growth
rates, while the effect is negligible when flipping the NT L-
mode, consistently with the linear analysis (figure 11(a)).

The ion temperature stiffness, i.e. the degree to which the
radial Ti profile responds to changes in the applied heat fluxes,
was studied for DTT scenarios at ρtor = 0.85, given that the
micro-instability regime was found to be ITG-dominant with
the linear analysis, and the main ITG drive is a/LTi. The res-
ults are summarized in figure 12(c), where GENE scans of the
ion heat flux qi versus a/LTi are shown for the four considered
shapes. An effect of flipping the shape alone is only found
for the H-modes, where a +36% increase of a/LTi is obtained
when flipping the PT H-mode. The agreement of GENE with
ASTRA-TGLF (stars in the figure) is good at the ASTRA-
TGLF flux level, therefore, the predictive transport analysis is
validated by GENE at the radius of analysis. Recalling that
for the AUG PT/NT H-modes a stabilizing effect of NT is
observed in the 0.7< ρtor < 0.9 region, one could consider the
hypothesis that for H-mode parameters the beneficial effect
of NT could penetrate to inner radii compared with L-mode
parameters. Simulations were performed to understand which
are the key parameters that explain the larger effect of NT in
DTT when considering the PT H-mode kinetic profiles, com-
pared with the L-mode ones. The collisionality, which was at
first identified as the only parameter that was able to explain

a beneficial effect of NT, was ruled out by a new GENE colli-
sionality scan. However, this scan did not include impurities,
for lack of computational resources. Therefore, there is still
room for further investigation in this direction.

Turning to TCV, the total heat flux is reduced by 59%when
switching the shape starting from the PT L-mode, keeping
fixed the kinetic profiles, while it is increased by +53% when
switching the shape starting from the NT L-mode and keep-
ing fixed the kinetic profiles (figure 12(b)). This means that
for TCV at ρtor = 0.95, differently from DTT at the smaller
radius ρtor = 0.85, the beneficial effect of NT is present for the
L-mode, and it can be seen both keeping fixed the PT or the NT
L-mode profiles. This is also consistent with the linear results.
The temperature stiffness is then investigated for TCV, with
results shown in figure 12(d). The Te stiffness is investigated
instead of the Ti one since, for TCV, the turbulence is found to
be mixed ITG/TEM, with NT L-mode being more TEM dom-
inated, and the TEM main drive is a/LTe. In figure 12(d) the
stars indicate the experimental values. In contrast with what
was observed in DTTNTL-mode at ρtor = 0.85, TCV at ρtor =
0.95 shows a direct effect of the triangularity on the electron
heat transport. Indeed, switching the triangularity from posit-
ive to negative shape leads to a+135% increase of a/LTe when
keeping fixed the NT L-mode profiles, while a+85% effect is
predicted with PT L-mode profiles. This direct effect of NT,
predicted by gyrokinetics, is much larger than the ∼+10%
experimental increase of a/LTe that is seen when going from
PT to NT L-mode (compare the two stars). This means that
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Figure 12. Nonlinear GENE simulations. (a) and (b) total heat fluxes, splitted in electron (blue) and ion (yellow) contributions, for DTT at
ρtor = 0.85 and TCV at ρtor = 0.95, respectively. The red and blue dashed lines for DTT indicate the predicted fluxes by ASTRA-TGLF,
while for TCV they show the experimental fluxes. (c) and (d) Ti stiffness plot for DTT and Te stiffness plot for TCV, varying only the
temperature logarithmic gradients, starting from the reference parameters of (a) and (b), respectively. The total heat flux is reported as a
function of the logarithmic gradients a/LTi and a/LTe for DTT and TCV, respectively. The dashed lines are a prolongation of the solid lines
to find the intercept with the x-axis. The dotted blue and red horizontal lines for TCV are the experimental heat fluxes, while the vertical
ones are the experimental gradients of PT (red) and NT (blue). The stars represent the point where the vertical and horizontal lines meet. For
DTT, instead of the experimental values, the predicted ones by ASTRA-TGLF are shown. (b)/(d) Reproduced from [19]. © The Author(s).
Published by IOP Publishing Ltd. CC BY 4.0, while (c) Reproduced from [18]. © 2024 The Author(s). Published by IOP Publishing Ltd on
behalf of the IAEA. All rights reserved CC BY 4.0.

there is a large beneficial effect of NT, but the different kin-
etic profiles for the two TCV L-modes with PT/NT partially
compensate for this effect.

As a summary, GENE linear and nonlinear simulations
seem to explain the beneficial effect of NT that is experiment-
ally observed at ρtor = 0.95 for TCV NBI-only L-modes, as a
direct effect of NT, partially reduced by the different kinetic
profiles that are obtained with the two configurations. The lin-
ear TCV simulations at ρtor = 0.8 find a much smaller benefi-
cial effect of NT compared with those at ρtor = 0.95. Similarly,
DTT could show a benefit of reversing δ at ρtor > 0.85. This
will require further analysis. The fact that in TCV turbulence is
TEM-dominated (at least when considering the NT L-modes),
while in DTT it is mostly ITG-dominated, could be the reason
for improved performance of NT in TCV. However, this is
in contrast with the picture emerging from the work of the
TSVV2 group, where similar effects are found in reversing δ

both in ITG and TEM regimes [11]. Moreover, if we look, for
example, to the linear simulations of TCV at ρtor = 0.8, a smal-
ler beneficial effect of NT is found when keeping NT L-mode
profiles, that lead to a TEM-dominant regime, compared with
the effect obtained with PT profiles, corresponding to a mixed
ITG/TEM regime. The rather large increase of Te peaking of
TCV NT L-mode compared with the PT L-mode at ρtor > 0.9
could be principally due to the effect of NT combined with the
lower stiffness in the edge region [45], that allows temperature
to peak. The much smaller T stiffness (i.e. the smaller slope
of qtot vs a/LT) of TCV cases at ρtor = 0.95 compared with
DTT cases at ρtor = 0.85 can be clearly seen by comparing
figures 12(c) and (d). Therefore, there is still room for the DTT
NT scenario to have a beneficial effect of NT coming from the
outer edge. As a caveat, a similar analysis of the temperat-
ure stiffness by means of a/LT scans of nonlinear gyrokinetic
simulations should also be performed for DTT at ρtor = 0.95
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and for TCV at ρtor = 0.85, to exclude the possibility that the
dependence of the temperature stiffness on the radial position
could be different for the two cases. This has not yet been done
for lack of computational resources, and is left as future work.

4. Conclusions

A NT option for the DTT full-power scenario is under design,
to achieve high plasma performance without the ELMs, which
are predicted to be unstable in the standard H-mode scenario
with PT. The heat transport properties of the DTT NT scenario
are here investigated by means of predictive ASTRA-TGLF
simulations and gyrokinetic GENE runs. In addition, recent
dedicated experiments with similar shapes to the DTT PT/NT
scenarios were performed at TCV/AUG and interpreted with
ASTRA-TGLF and GENE simulations. All these results are
collected and compared in this work, in order to get insight into
the viability and the performance of the DTTNT scenario. The
main outcomes of the analysis and the possible future work are
summarized in the following.

• ASTRA-TGLF SAT2 predictive transport simulations with
boundary conditions at ρtor = 0.94 predict that in the NT L-
mode DTT full-power scenario the |δ| value is too small to
allow density and temperature profiles to overcome the loss
of the PT H-mode pedestal and reach similar central val-
ues: this picture is confirmed by GENE simulations up to
ρtor = 0.85. A new NT scenario with larger negative upper
triangularity and reduced volume to satisfy DTT engineer-
ing constraints is thus under development.

• TCV experiments with DTT-like shapes: large beneficial
effect of NT for different power mixes (ECRH, ECRH/NBI
and NBI), with NT L-modes that outperform corresponding
PT L-modes and reach central pressures similar to PT H-
modes with twice the power. This could seem in contrast
with the DTT numerical analysis. However, the effect of
changing the sign of triangularity on TCV experiments is
limited to the edge-SOL region ρtor > 0.8, with some cases
that show this effect only for ρtor > 0.9. Therefore, this effect
could simply have been missed in DTT simulations. Some
additional stabilizing effect of NT could come from ρtor >
0.94 for DTT, outside the boundary of the ASTRA-TGLF
simulation domain, and/or TGLF could miss part of the
effect of the NT since it uses an up-down symmetric Miller
equilibrium, poorly representing the up-down asymmetric
‘teardrop’ shape of the DTT NT scenario. New interfaces
to TGLF are being developed in present transport codes,
capable of modeling realistic up-down asymmetric shapes.
However, the NT option should still not access H-mode-like
pedestals due to the inhibited access to the second stability
region of high-n ballooning modes for sufficiently negative
δ and thus not lead to ELMs.

• AUG experiments tend to go into H-mode even with NT
shapes in favorable configuration. The AUG plasmas with
NT shapes always present much lower or absent pressure
pedestals, corresponding to much weaker or absent ELM
activity, compared with PT plasmas with the same input

power. Overall, for AUG, a smaller beneficial effect of NT
is found, compared with TCV. Only for a pair of ECRH
heated PT/NT pulses with DTT-like shapes with relatively
low power, the NT plasma outperforms the corresponding
PT one in terms of the average ion pressure in the inner
core, which is related to neutron production and, therefore,
to fusion performance. The reason for this difference with
TCV has still to be understood. One possible explanation is
the different wall materials (C for TCV, W for AUG), which
should lead to further studies about the effect of those impur-
ities on the edge transport. Another possibility is that finite
size effects could play a role on TCV, due to its relatively
small size. For these reasons, global GENE nonlinear simu-
lations of the TCVNBI only PT/NT pulses are ongoing, and
the results will be compared with the radially local ones at
ρtor = 0.8,0.95. However, this second possible reason seems
unlikely, since the TCV PT-NT L-modes at ρtor = 0.95 dis-
play rather small ρ∗ = ρs/a∼ 1/357− 1/278 values, and
the flux-tube GENE runs seem already to overpredict the
beneficial effect of NT.

• For the considered TCV and AUG discharges with DTT-
like shapes, it follows by an inspection of the logarithmic
gradients of the main kinetic profiles inside the separatrix
that a beneficial effect of NT comes from reduced trans-
port in the edge region ρtor > 0.8 when comparing PT/NT L-
modes while, when comparing PT/NT H-modes, the bene-
ficial effect starts more inside (ρtor < 0.9).

• GENE linear simulations: a large beneficial effect of the tri-
angularity, which strongly reduces the linear growth rates, is
only found for TCV at ρtor = 0.95 and for DTT at ρtor = 0.85
when the PT shape is flipped around the magnetic axis. For
the other cases, the effect is milder, and absent when flip-
ping the shape of the DTT NT scenario, or switching it
with the PT one. This confirms the experimentally measured
beneficial effect of NT for TCV at ρtor = 0.95, and indic-
ates that at smaller radii the effect could be smaller, as it
is found for DTT. The micro-instability regime is found to
be ITG-dominant for DTT, while it is mixed TEM/ITG for
TCV. Preliminary linear GENE runs neglecting impurities
and TGLF simulations indicate that the AUG regime should
be ITG-dominant in the plasma edge for the ECRH-only
cases, due to a large electron-ion heat exchange that trans-
fers energy to the ions.

• GENE nonlinear simulations: based on the analysis of
the ratio of electron and ion heat fluxes (qe/qi < 1 for
ITG-dominant turbulence, while qe/qi > 1 when TEM-
dominant), DTT is confirmed to be ITG-dominant at the
radii of analysis, TCV PT cases are found to be mixed
TEM/ITG and the TCV NT cases to be TEM-dominant.
However, the stabilizing effect of NT seems independent
of the most unstable micro-instability. The ion temperat-
ure stiffness is then investigated for DTT, which is ITG-
dominant, while the electron temperature stiffness for TCV,
that is more TEM-dominant overall. The strong beneficial
effect that was found with linear simulations for TCV at
ρtor = 0.95 is confirmed, even overpredicting the increase in
a/LTe when going from PT to NT that is found in the exper-
iment. This means that the experimental beneficial effect of
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NT is explained by the simulations, as a very strong dir-
ect effect of changing the shape, partially compensated by
the change of other parameters between the PT/NT pulses.
Consistently with the linear analysis, a beneficial effect of
NT is only found for DTT at ρtor = 0.85 when flipping the
shape starting from the PT H-mode scenario. Since also for
AUG PT/NT H-modes a stabilizing effect of NT is observed
in the 0.7< ρtor < 0.9 region, it is possible that for H-mode
parameters, the beneficial effect of NT could penetrate to
inner radii compared with L-mode parameters.

Summing up, the DTT simulations and the TCV/AUG exper-
iments/simulations with DTT-like shapes indicate that a
possible beneficial effect of operating the DTT full-power
scenario with NT could come from the plasma edge-SOL,
allowing the NT scenario to achieve central pressure values
comparable to the reference PT H-mode, staying in L-mode or
presenting a reduced pedestal, thus showing a much weaker or
even absent ELM activity. Even without this additional bene-
ficial effect coming from the edge-SOL, the NT option is pre-
dicted to provide high performance plasmas with reduced or
absent ELMs, resulting in a viable alternative for the DTT
full power scenario. However, since the extrapolability of the
performance of experimental NT scenarios to different toka-
maks is not granted at present, turbulence simulations of the
edge-SOL of TCV/AUG and DTT, consistently modeling the
region across the separatrix, are needed to confirm this (ongo-
ing work). In addition, it would be useful to perform further
flux-tube gyrokinetic simulations for the various machines at
the same radii, to improve the understanding on how to extra-
polate results from one machine to another. This would also
allow to better compare important properties of the kinetic pro-
files among different machines, such as the radial dependence
of the temperature stiffness, which could strongly influence the
beneficial effect of NT at larger radii. Then, the different size
of the improvement of plasma performance in NT compared
to PT for TCV and AUG experiments, with a larger beneficial
effect which is found for TCV, is still to be understood, and
the impact of the main differences of the two tokamaks has
still to be quantified. In particular, the impact of the different
wall materials has to be studied. Finally, in order to attempt
improving the penetration depth of the beneficial effect of NT
inside the separatrix down to the core, a new shape for the
DTT NT scenario is under design, with double upper NT and
reduced volume to meet the engineering constraint of the DTT
tokamak. TCV pulses with this new shape are also planned to
experimentally test its performance.
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