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Peeling limited pedestals in JET, MAST-U and TCV: effect of density and
Isotope mass in deuterium and tritium-rich plasma on pedestal structure
and stability and validation of pedestal predictions for ITER.

L. Frassinetti®, D. King?, S. Saarelma?, B. Labit?, S. Blackmore?, D. Keeling?, C. Perez von Thun*, C. Giroud?, S. Wiesen®, A. Kappatou®, N.
Vianello, E. Alessi®, M. Brix?, 1.S. Carvalho®, P. Carvalho?, A. Chomiczewska*, J. M. Fontdecaba’®, E. Giovannozzi'!, J. Harrison?, S, Hen-
dersson?, D. Kos?, E. Kowalska?, K. Imada*?, M. Lennholm?, M. Maslov?, A. Meigs?, S. Menmuir?, R. B. Morales?, H. Nystrom?, E. Pawelec®?,
G. Pucella®, R. Scannell?, D. Silvagni®, A. Stagni’, H.J. Sun?, JET Contributors*, EUROfusion Tokamak Exploitation Team**, EUROfusion

Consortium, JET, Culham Science Centre, Abingdon, OX14 3DB, UK, the MAST Upgrade Team***, the TCV Team****,

Division of Electromagnetic Engineering and Fusion Science, KTH Royal Institute of Technology, Stockholm SE, 2UKAEA (United Kingdom Atomic Energy Authority), Culham Campus,
Abingdon, Oxfordshire, OX14 3DB, UK, Ecole Polytechnique Fédérale de Lausanne (EPFL), Swiss Plasma Center (SPC), Lausanne, Switzerland, “Institute of Plasma Physics and Laser
Microfusion (IPPLM), Hery 23, 01-497 Warsaw, Poland. SDIFFER - Dutch Institute for Fundamental Energy Research, 5612 AJ Eindhoven, The Netherlands, ®Max-Planck-Institut fur
Plasma Physik, Boltzmannstr.2, 85748 Garching, Germany, "Consorzio RFX, Corso Stati Uniti 4, 35127 Padova, Italy, ®Institute for Plasma Science and Technology, CNR, 20125 Milano,
Italy, °ITER Organization, Route de Vinon-sur-Verdon, CS 90 046, 13067 St Paul Lez Durance Cedex, France,*’Laboratorio Nacional de Fusion, CIEMAT, Madrid, Spain, **Fusion and
Nuclear Safety Department - ENEA C. R. Frascati - Frascati (Roma), Italy,*? York Plasma Institute, Department of Physics, University of York, YO10 5DD, United Kingdom *®Institute of
Physics, University of Opole, Poland, *See the author list of CF. Maggi et al., Nucl. Fusion 2024, 10.1088/1741-4326/ad3e16, **see the author list of E. Joffrin Nuclear Fusion 2024
10.1088/1741-4326/ad2be4 *** see author list of J.R. Harrison et al 2019 Nucl. Fusion 59 112011. ****See author list of H. Reimerdes et al 2022 Nucl. Fusion 62 042018

ITER needs to operate in mixed deuterium/tritium plasmas with a pedestal temperature
TPee ~ 4 — 5keV to reach Q=10 [1]. At this temperature, despite the strong sensitivity to the
separatrix current density [2], the ITER pedestal will be likely be limited by peeling modes
[3,4]. Moreover, ITER is supposed to operate at high separatrix density (n;°?) with a ratio

ns /mPe? > 0.5 [5,6]. Most of present day results show a strong degradation of the pedestal
performance with increasing n3%” /n?°® [7]. However, so far, experimental results in peeling

limited pedestal are mainly from DI11-D [8] and only in deuterium low n¢? /n?¢? plasmas with
non-metal walls. All European machines have operated so far in ballooning limited pedestals.
In the past 3 years, the EUROfusion program has invested a significant effort to reach peeling
limited pedestals, with the goal of assessing the physics and validate the pedestal predictions in
ITER-relevant pedestal scenarios. This work presents the results achieved. The highlights are:

= peeling limited pedestal have been achieved in JET-ILW, MAST-U and TCV, with type | ELMs
= peeling limited pedestal can be achieved also in metal wall machines, with Tf’e'i up to
2.2keV, v;P% ~ 0.1 and p;P°* ~ 0.002 in JET-ILW, approaching ITER values.

L
= the multi-machine comparison shows consistently that in peeling limited pedestals high
nS? /nPe® operation does not degrade the pedestal pressure
= the unique results achieved in the DTE3 campaign in JET-ILW shows that in peeling-limited
plasmas the increase of the isotope mass from deuterium to mixed deuterium/tritium plasma
leads to a 20% increase in the pedestal pressure.
= the Europed code [9] reasonably predicts the pedestal behavior for ITER-relevant pedestals.

Reaching peeling limited pedestals in the European machines has required reaching previ-
ously unexplored operational spaces. In JET-ILW, peeling limited pedestals have been obtained
by operating at high go5 (1.4MA/3.8T,25MW). In MAST-U, by high power operation and using
an optimized plasma shape (0.75MA/0.5T,3.2MW). In TCV by operating at low density and
high power combining NBI with ECRH heatings (0.15MA/1.4T,2.1MW). These strategies have
turned out to be successful in all the three machines, as proved in figure 1, where the pedestal
stability of three experimental plasmas is shown. In all the three machines, the experimental
pedestal (the star) is limited by low-n peeling modes.

Gas rate scans in the peeling limited scenarios have allowed to investigate the role of the
density on pedestal structure and pedestal stability. The experimental results show a very dif-
ferent behavior of the pedestal vs density between peeling limited and ballooning limited ped-

estals. While all previous results in ballooning limited scenarios show a decrease of the pedestal

pressure with increasing né’ed, in the peeling limited scenarios the pedestal pressure increases

with increasing né’ed (see for example figure 3). This different behavior is due to the stabilizing

effect of the density on the peeling modes. Moreover, by varying the gas rate, it has been pos-

sible to reach n°” /nP%® ~ 0.8 while keeping low pedestal collisionality (v:?** < 0.25). As
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shown in figure 2, the multi-machine experimental results show consistently that, in peeling
limited pedestals, the increase of n3¢? /n?°? has no major effect on the pedestal performance.
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Figure 1. Pedestal stability of experimental profiles in the peeling scenarios of JET-ILW, MAST-U and TCV. In all three
machines, the experimental pedestal (the empty star) is limited by low-n peeling modes. The numbers show the toroidal
mode number of the most unstable mode and the continuous line shows the stability boundary
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Figure 2. Pedestal pressure versus n3°° /n?*® in the peeling limited plasmas of JET-ILW, MAST-U and TCV (full circles)
and corresponding Europed pedestal predictions (empty circles)

Then, a unique isotope mass scan, from pure deuterium plasma to tritium-rich plasmas, has
been performed in the JET-ILW peeling limited scenario. The increased isotope mass leads to
an increase in the pedestal density and in the pedestal pressure by approximately 20%, as shown
in figure 3. This increase is ascribed to an improved particle transport with increasing isotope
mass combined with the improved pedestal stability driven by the above mentioned n?*¢ stabi-
lization on peeling modes. 8

This new large set of experimental data collected in the | by
peeling limited scenarios has allowed a thorough valida- - 6r %@?,,,D@ 1
tion of the pedestal predictive code Europed [9]. The Eu- ¢ _+_ﬁ L
roped predictions show a reasonable agreement with the ¢ T 1
experimental results in all the three machines (see for ex- <
ample figure 2), proving the validity of pedestal predic-
tions in peeling limited scenarios. Therefore, Europed has 0
been applied to ITER to test some of the key expectations 1.5
for type I ELMy H-modes. Preliminary results are very
promising, suggesting, for example, no degradation of
ITER pedestal at high n5¢” /n?¢.

In conclusion, by reaching the new peeling scenario in JET-ILW, MAST-U and TCV, the work

has led to three positive results for ITER. (1) The pedestal pressure increases with increasing
nP¢?, showing that the ITER performance might be improved with pellet fueling. (2) The high
nS? /nPe? operation expected in ITER will not have a negative impact on ITER performance.

(3) Operating in mixed deuterium/tritium plasmas will improve the ITER performance.
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Figure 3. Pedestal pressure vs n2® in JET-ILW peeling
limited plasmas for pure deuterium and for mixed deuter-
ium/tritium plasmas. Europed pedestal predictions are

shown with empty circles.
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