T. Piitterich for the ASDEX Upgrade Team

CONFERENCE PRE-PRINT

OVERVIEW OF THE ASDEX UPGRADE RESULTS

T. PUTTERICH for the ASDEX Upgrade Tea
Max-Planck-Institut fiir Plasmaphysik

D-85748 Garching, Germany

Email: thomas.puetterich@ipp.mpg.de

Abstract

After a 26-month vent ASDEX Upgrade (AUG) went back in operation with a newly designed upper divertor featur-
ing in-vessel coils, a charcoal coated cryo-pump and flat W-coated tiles. The coils enable alternative divertor configurations
(ADCs), which explored via parameter scans and an extensive set of measurements was obtained. Interpretation and com-
parison to SOLPS are ongoing. Prompted by the ITER wall change, dedicated experiments at the beginning of the campaign
on non-boronized plasma startup were contrasted to that employing asymmetric and symmetric boronizations. While the
non-boronized startup was challenging due to limited available heating power, the asymmetric boronization proved to be as
beneficial as the symmetric one, which is in contrast to previous model calculations. This discrepancy is possibly explained
by the assumed sticking coefficient (perfect sticking) of boron, which deviates from the measured one (range of ~ 0.3). In the
startup phase also the impurity influxes at the outboard limiters were investigated. In the unboronized case low-Z impurities
play a major role in cooling down the plasma edge to low enough temperatures such that W sputtering is negligible. In the
boronized case, the boron layers are eroded within 1 — 2's of limiter contact and then a considerable W source and content
is observed. Corresponding SOLPS calculations show good agreement and hint towards W self-sputtering. Pedestal stabil-
ity investigations have identified the importance of various pedestal regions. The quasi-continuous exhaust (QCE) regime is
obtained when ballooning modes are active at the bottom of the pedestal and the global peeling-ballooning stability is high
enough. Thus, at high enough shaping and high gas flux both can be achieved and QCE is a consequence. The closely related
enhanced D-alpha (EDA) mode is not clearly distinguishable from QCE, e.g. the quasi-coherent mode characteristic for EDA
also shows up in QCE. In both QCE and EDA the impurity transport is behaving benign as could be measured for Ne with
a comprehensive CXRS measurements on Ne®" to Ne'?" ions. The ballooning instability increases the diffusive component
of pedestal impurity transport and thus counteracts the neoclassical convection of impurities. For high radiative fractions the
regime of the X-point radiator (XPR) is accessible at AUG and the understanding of its access conditions and behaviour is
further developed. Due to the localized radiative cooling at the X-point the XPR can be well diagnosed and thus controlled.
Ultimately, it combines high radiative fractions (=~ 95%) with complete detachment and acceptable dilution and confinement
(Hoys,(y,2) =~ 0.95). For negative triangularity shapes, further experiments at increased shaping resulted in strongly heated L-
mode plasmas avoiding ELMs. For beam heating obvious power degradation was observed and only during nitrogen seeding
an elevated confinement was found. Core plasma modelling connecting plasma and impurity transport was benchmarked at
AUG and allowed to extrapolate all transport channels towards ITER, showing that in the plasma core of ITER turbulent trans-
port will be even more important relatively to neoclassical transport than in today’s devices. Integrated modelling connecting
core to SOL investigated the size scaling of confinement and arrived at a more optimistic outlook to ITER than the newest
ITPA20-IL scaling suggesting a fusion yield of Q=12 for the baseline scenario. Further, investigations of the ITER ramp-down
in AUG provide insights into maintaining position control. Various aspects of shattered pellet injection were investigated in
AUG and one of the results show that with increasing Ne fraction the radiation during the current quench increases and the
current decay becomes faster.

1. INTRODUCTION

The ASDEX Upgrade (AUG) programme is dedicated to addressing key physics challenges for ITER operation
and to developing plasma scenarios for the future fusion devices. The AUG plasma (Ry = 1.65m, a = 0.5m,
I, <14MA, B; < 3.5T) can be heated with up to 20 MW of neutral beam injection (NBI), 6 MW of electron
cyclotron resonance heating (ECRH), and 5 MW of ion cyclotron resonance heating (ICRH), enabling a broad
spectrum of plasma scenarios. Since 2007, the AUG first wall has been fully clad with tungsten (W), and the
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operational experience accumulated since then is proving highly valuable for supporting the ITER re-baselining
including the full-W wall. An extensive set of diagnostics provides detailed measurements, while plasma control
is managed through the Discharge Control System (DCS), which is continuously advanced to expand the scope
of real-time plasma regulation. The latter is also important for testing operational strategies of ITER already in
ASDEX Upgrade.

During the long vent spanning from August 2022 to October 2024, a major upgrade of the upper divertor (1))
has been performed, during which in-vessel coils (I} 2} [3)), an additional cryo-pump (4) with charcoal and a reshap-
ing of the first wall was performed providing access to a considerable variety of alternative divertor configurations
(3) (cf. to Fig.[T). Hence, a major part of the programme was dedicated to exploiting these new capabilities and to
perform a lay of the land concerning the accessibility and performance of the new configurations. Additional focus
was put on the effect of uniformity of boronizations, W-erosion during limiter phases, transport and confinement
of core and edge plasmas with a particular focus on ELM-free or small ELM scenarios. Further topic of interests
are disruptions and their temporal tayloring employing the shattered pellet injection (SPI) system designed and
installed in the course of an ITER collaboration.

FIG. 1. Invessel photographs during vent: (a) cryo-pump; (b) in-vessel coils after in-vessel bending and mounting;
(c) view after mounting of all PFCs.

2. STARTUP WITH NO, SYMMETRIC AND ASYMMETRIC BORONIZATION

After the long vent ASDEX Upgrade underwent the standard procedure of baking and leak searches (6) and the
first discharges were attempted without boronization (7). Unlike the unboronized restart in 2008 (8; O), neutral
beam injection was not yet available for restart, while ECRH was available. However, due to the less developed
ECRH interlock procedures less power was used during the restart, which led to a slower conditioning progress.
Consequently, the burn-through at the plasma ramp-up was deteriorated leading to long phases with increased loop
voltages and the creation of run-away beams (10; T1). This is documented in Fig. 2] in which the upper row shows
the plasma before the first boronization using ECRH during current ramp-up, but then failing the maintenance of
the current due to excessive radiation from low-Z elements. The lower row in Fig. 2]corresponds to the first plasma
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FIG. 2. (a),(b) Trajectories of plasma current, ECRH, Ohmic heating and radiated power at the end of the
unboronized restart. (c),(d) Same for the first discharge after boronization.
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discharge after boronization, in which ECRH was not necessary. After the occurrence of large runaway electron
contributions to the plasma current the decision to boronize before fully establishing plasma operation was made.
This first boronization was performed via a glow discharge using only two (sector 3 and 8) out of four anodes
(sectors 3, 8, 14 and 16), however, the subsequent plasma startup worked with the first attempt documenting the
strong benefit even from an asymmetric boronization. Subsequent boronizations were then used to quantitatively
compare symmetric (sec. 3, 8, 14 and 16) to asymmetric boronizations (without 8) and as can be seen in Fig.[3] a
considerable amount of boron is deposited in sector 8 even though the anode was not active (10). The measured
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FIG. 3. (a) Overview of important actuators and measurements for performing and characterizing each boroniza-
tion (adapted from (10)). Bars indicate the extrapolated deposited boron amount using the various quartz micro
balance locations as a fraction of the boron gas influx. Light green give the percentage for symmetric boroniza-
tions using (anodes in sectors 3, 8, 14 and 16) and turquoise corresponds to one asymmetric boronization (3, 14,
16). (b) Analysis of a cavity probe for evaluating the sticking coefficient of boron molecules (12). Beta is the
surface loss probability showing very small sticking for neutrals.

amounts in sector § are much larger than the ones expected from modelling (model cf. to (13)) and this is probably
related to the boron molecule sticking coefficient being assumed 1 in the model, while in experiment cavity probes
revealed it to be in the range of ~ 0.3, which is a weighted mix of ion and neutral sticking. This suggests that
the boronization result is more symmetric than originally believed even if fewer anodes are available, which could
give more freedom in the anode positioning in ITER.

3. W-EROSION DURING THE LIMITER PHASE

Due to the re-baselining of ITER (14), the erosion of W and the underlying mechanisms have moved into focus
(e.g. (15)). One of the important aspects in ITER is the behaviour of boron layers and W erosion during the
limiter phase and its impact on the core plasma and correlated effects on the current ramp-up (16)). In order to
address these topics, experiments in AUG were performed studying limiter discharges before and after the first
boronization. Before the first boronization strong radiation from low-Z elements cooled down the plasma edge
of limited discharges such that W erosion was not detectable. For the first discharges #41876 and #41877 after
boronization, a rapid erosion of boron is observed. This becomes visible, when examining Fig. @ In the first
phase (t < 2.4s) of #41876 B is strongly eroded (Fig. Ekb)) and no W-influx (Fig. Ekc)) is observed. After
t = 2.4s W-erosion is observed. As the heating power is also increased at 2.4 s from 0.6 MW to 1.3 MW, it is
instructive to compare to the subsequent discharge (Fig. @ d) and (e)) with the same heating sequence. W-erosion
is observed from the beginning at a stable level, demonstrating that the erosion areas of the limiters are already
free of protecting B. These and further measurements allow for benchmarking the models which may then be used
to investigate the limiter phases in ITER.

4. ADVANCED DIVERTOR CONFIGURATIONS

After the major upgrade of the upper divertor the alignment quality from tile to tile was checked by comparing
L-mode discharges with flipped B-field directions. A good symmetry between both cases and from tile to tile
was observed and throughout the campaign this good alignment did not deteriorate. Subsequently, the alternative
divertor configurations were created and studied in AUG (I7). In Fig. [5six prominent configurations are depicted
including the non-ADC single null configuration (SN). The X-divertor (XD) features an increased flux expansion
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