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Outline. We report on major progress regarding simulations of edge localized modes (ELMs). First of a kind
simulations of realistic repetitive type-I ELM cycles are presented, reproducing in particular the explosive onset of the ELM crashes for the first time. Key to this achievement were numerical improvements, fully realistic
plasma parameters and flows, a self-consistent evolution of the bootstrap current and a matching of pedestal
build-up time scales with the experiment. Additionally, these simulations allow us to study ELM control in a
more realistic way than possible before. We base our studies on ASDEX Upgrade (AUG) [1], since the pedestal
diagnostics available constitute an ideal basis for validating and comparing.
Motivation. Unmitigated type-I ELMs which are very common in high-confinement mode (H-mode) tokamak plasmas are intolerable for ITER full current operation due to the large transient divertor heat loads; and
even small ELMs are likely incompatible with an acceptable DEMO divertor life time. ELM mitigation and
avoidance consequently is a key requirement for successful further development of magnetic confinement
fusion, and reliable predictions for mitigation or avoidance scenarios are necessary. Non-linear extended
magneto-hydrodynamic (MHD) simulations are essential for developing such robust control scenarios. With
JOREK [2], simulations of ELMs [3-5] and ELM control [6-10] via mitigation or suppression by external fields,
pacing by pellets or vertical magnetic kicks, or ELM free regimes [11] had already been performed for a large
number of different tokamak devices, resulting in very good qualitative and quantitative agreement with experiments regarding many key parameters. A clear shortfall of previous simulations was that the fast time
scales of the ELMs were not reproduced and repetitive type-I ELM cycles were not obtained.
Edge localized modes. We present first of a kind type-I ELM cycle simulations [12]. Depending on the case,
5-15% of the plasma thermal energy is lost during an ELM crash on a timescale of about one millisecond, in
good agreement with experimental observations. Before the violent ELM crash, we observe precursor modes,
which affect the pedestal structure, such that the sharp onset of the crash can occur. As mechanism responsible for the explosive onset, we identify that the precursor modes perturb the balance between stabilizing
terms (in particular ExB and diamagnetic flows) and destabilizing terms (in particular pressure gradient and
current density) in favor of the latter.
When the heating power is modified, the repetition frequency of the ELMs changes consistently with experiments. Below a specific threshold in the heating power, large ELMs disappear, and a transition into a peelingballooning turbulent state is observed [13], which reproduces some features of small ELMs in experiments.
The pedestal pressure gradient is limited by the fluctuating modes to values comparable with experiments at
similar plasmas (high collisionality and low triangularity) [14].
When the distance between plasma and conducting wall is increased to reflect the experimental situation
more accurately via free boundary JOREK-STARWALL [15] simulations, the inter-ELM dynamics of the experiment are captured even more accurately. Resistive edge instabilities become linearly more unstable and
non-linearly cause a richer inter-ELM mode spectrum with saturated rotating modes that cause considerable
transport [16]. Similar to the experiment [17], these modes limit the build-up of the pedestal density, while
the pedestal temperature continues to grow.
ELM control. The ability to capture the detailed dynamics of ELM crashes and ELM cycles in simulations
demonstrated above, allows to investigate ELM control in a more realistic way than possible before. We
present first steps in this direction. Pellet injection at various phases during the pedestal build-up was simulated based on the simulations described above [18]. This way, and by including realistic ExB and diamagnetic
flows for the first time in pellet ELM triggering simulations, the experimentally observed lag time [19], during
which a pellet cannot trigger an ELM crash, was reproduced for the first time. For later injections, the pellets
lead to pronounced ELMs crashes, which show different divertor heat flux structures than natural ELMs.
Based on the type-I ELM cycle simulations described above, we also present first free boundary simulations of
RMP penetration into AUG plasmas and of the interaction with the MHD modes [20]. These simulations allow
for resonant field amplification at the boundary of the computational domain, which earlier fixed boundary
simulations did not capture.
Beyond. We briefly summarize further research regarding ELMs, pedestal, SOL, and divertor using the JOREK
code [6,8,10,21-26] and show further ongoing work. This includes studying collisionality and shaping effects,
experimental validation, and the path towards fully predictive simulations.
References:
[1] H Meyer et al. NF 59, 112014 (2019)
[2] GTA Huysmans, O Czarny. NF 47, 659 (2007)

[3] GTA Huysmans et al. PPCF 51, 124012 (2009)
[4] S Pamela, G Huijsmans et al. NF 57, 076006 (2017)
[5] M Hoelzl, GTA Huijsmans et al. CPP 58, 518 (2018)
[6] M Becoulet, F Orain, GTA Huijsmans et al, PRL 113, 115001 (2014)
[7] S Futatani, S Pamela et al. NF 60, 026003 (2020)
[8] SK Kim, S Pamela et al. NF 60, 026009 (2020)
[9] F Orain, M Hoelzl et al. PoP 26, 042503 (2019)
[10] FJ Artola, GTA Huijsmans, M Hoelzl. NF 58, 096018 (2018).
[11] F Liu et al, PPCF 60, 014039 (2018)
[12] A Cathey-Cevallos, M Hoelzl et al., PRL (in prep.)
[13] A Cathey-Cevallos, M Hoelzl, et al., PPCF (in prep.)
[14] T Eich et al, NF 58, 034001 (2018)
[15] M Hoelzl, P Merkel, GTA Huysmans et al, JPCS 401, 012010 (2012)
[16] M Hoelzl, A Cathey-Cevallos et al (in prep.)
[17] A Burckhart et al, PPCF 52, 105010 (2010)
[18] S Futatani, A Cathey-Cevallos, M Hoelzl et al (in prep.)
[19] PT Lang et al NF 54, 083009 (2014)
[20] Unpublished
[21] D Meshcheriakov, M Hoelzl et al. PoP 26, 042504 (2019)
[22] DC van Vugt, GTA Huijsmans, M Hoelzl et al. PoP 26, 042508 (2019)
[23] SF Smith, SJP Pamela et al. Simulating edge localised mode instabilities in MAST-U Super-X tokamak
plasmas. NF (submitted)
[24] GTA Huijsmans, DC van Vugt et al, 46th EPS, P2.1059 (2019)
[25] S Pamela, G Huijsmans et al. CPC 243, 41 (2019)
[26] M Gruca et al (in prep.)

Country or International Organization
Germany

Affiliation
Max Planck Institute for Plasma Physics, Boltzmannstr. 2, 85748 Garching b. M., Germany

Primary authors: HOELZL, Matthias (Max Planck Institute for Plasma Physics); Mr CATHEY-CEVALLOS, Andres (Max Planck Institute for Plasma Physics); FUTATANI, Shimpei (Department of Physics, Universitat Politècnica de Catalunya (UPC), Barcelona); Prof. HUIJSMANS, Guido (CEA/IRFM); ORAIN, Francois (Max Planck
Institute for Plasma Physics, Garching, Germany); DUNNE, Mike (IPP-Garching); PAMELA, Stanislas (CCFE UKAEA); BECOULET, Marina (IRFM/CEA); Dr ARTOLA, F. J. (ITER Organization, Route de Vinnon sur Verdon,
13067 St. Paul Lez Durance, Cedex, France); Dr VAN VUGT, Daan; Dr SMITH, Siobhan (CCFE Culham Science
Center); Mrs SCHWARZ, Nina (Max Planck Institute for Plasma Physics); Dr LIU, Feng (CEA IRFM); Mr KORVING, Sven (Eindhoven University of Technology); Dr GRUCA, Marta (Institute of Plasma Physics and Laser
Microfusion); Prof. GÜNTER, Sibylle (Max Planck Institute for Plasma Physics); Prof. LACKNER, Karl (Max
Planck Institute for Plasma Physics); WOLFRUM, Elisabeth (Max Planck Institut fuer Plasmaphysik); Dr VIEZZER,
Eleonora (University of Seville); LANG, Peter (Max-Planck-Institut fűr Plasmaphysik); JOREK TEAM; ASDEX
UPGRADE TEAM; EUROFUSION MST1 TEAM
Presenter: HOELZL, Matthias (Max Planck Institute for Plasma Physics)
Session Classification: P4 Posters 4
Track Classification: Magnetic Fusion Theory and Modelling

