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Abstract

Experiments on ASDEX Upgrade (AUG) in 2021 and 2022 have addressed a number of critical
issues for ITER and EU DEMO. A major objective of the AUG programme is to shed light on
the underlying physics of confinement, stability, and plasma exhaust in order to allow reliable
extrapolation of results obtained on present day machines to these reactor-grade devices.
Concerning pedestal physics, the mitigation of edge localised modes (ELMs) using resonant
magnetic perturbations (RMPs) was found to be consistent with a reduction of the linear
peeling-ballooning stability threshold due to the helical deformation of the plasma. Conversely,
ELM suppression by RMPs is ascribed to an increased pedestal transport that keeps the plasma
away from this boundary. Candidates for this increased transport are locally enhanced
turbulence and a locked magnetic island in the pedestal. The enhanced D-alpha (EDA) and
quasi-continuous exhaust (QCE) regimes have been established as promising ELM-free
scenarios. Here, the pressure gradient at the foot of the H-mode pedestal is reduced by a
quasi-coherent mode, consistent with violation of the high-n ballooning mode stability limit
there. This is suggestive that the EDA and QCE regimes have a common underlying physics
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origin. In the area of transport physics, full radius models for both L- and H-modes have been
developed. These models predict energy confinement in AUG better than the commonly used
global scaling laws, representing a large step towards the goal of predictive capability. A new
momentum transport analysis framework has been developed that provides access to the
intrinsic torque in the plasma core. In the field of exhaust, the X-Point Radiator (XPR), a cold
and dense plasma region on closed flux surfaces close to the X-point, was described by an
analytical model that provides an understanding of its formation as well as its stability, i.e., the
conditions under which it transitions into a deleterious MARFE with the potential to result in a
disruptive termination. With the XPR close to the divertor target, a new detached divertor
concept, the compact radiative divertor, was developed. Here, the exhaust power is radiated
before reaching the target, allowing close proximity of the X-point to the target. No limitations
by the shallow field line angle due to the large flux expansion were observed, and sufficient
compression of neutral density was demonstrated. With respect to the pumping of non-recycling
impurities, the divertor enrichment was found to mainly depend on the ionisation energy of the
impurity under consideration. In the area of MHD physics, analysis of the hot plasma core
motion in sawtooth crashes showed good agreement with nonlinear 2-fluid simulations. This
indicates that the fast reconnection observed in these events is adequately described including
the pressure gradient and the electron inertia in the parallel Ohm’s law. Concerning disruption
physics, a shattered pellet injection system was installed in collaboration with the ITER
International Organisation. Thanks to the ability to vary the shard size distribution
independently of the injection velocity, as well as its impurity admixture, it was possible to
tailor the current quench rate, which is an important requirement for future large devices such as
ITER. Progress was also made modelling the force reduction of VDEs induced by massive gas
injection on AUG. The H-mode density limit was characterised in terms of safe operational
space with a newly developed active feedback control method that allowed the stability
boundary to be probed several times within a single discharge without inducing a disruptive
termination. Regarding integrated operation scenarios, the role of density peaking in the
confinement of the ITER baseline scenario (high plasma current) was clarified. The usual
energy confinement scaling ITER98(p,y) does not capture this effect, but the more recent H20
scaling does, highlighting again the importance of developing adequate physics based models.
Advanced tokamak scenarios, aiming at large non-inductive current fraction due to non-standard
profiles of the safety factor in combination with high normalised plasma pressure were studied
with a focus on their access conditions. A method to guide the approach of the targeted safety
factor profiles was developed, and the conditions for achieving good confinement were clarified.

Based on this, two types of advanced scenarios (‘hybrid’ and ‘elevated’ g-profile) were
established on AUG and characterised concerning their plasma performance.

Keywords: tokamak, MHD stability, transport modelling, radiative exhaust, disruption physics,

ELM free scenarios

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

1. Introduction

The ASDEX Upgrade (AUG) [1] programme aims to resolve
critical physics questions for ITER operation and the develop-
ment of plasma scenarios for EU DEMO. The AUG plasma
(Ro=1.65m,a=0.5m,/, <14 MA, B <3.2T)is heated
by up to 20 MW of NBI, 6 MW ECRH and 5 MW ICRH,
supporting a wide range of plasma scenarios. The plasma is
diagnosed by an extensive set of diagnostics and controlled by
a discharge control system (DCS) that is constantly evolved
to increase the possibilities of real-time control of plasma
quantities. This also includes the development of the Fenix
flight simulator combining a plasma model with models of
the AUG sensors, actuators, and the DCS to design and test
AUG discharges before execution, as well as to develop new

controllers offline with short turn-around time [2]. Starting in
2007, the AUG first wall has been covered completely by tung-
sten (W), and the operational experience gained since then
is now becoming very important for the ongoing discussions
on the exchange of the ITER main chamber plasma facing
material from Beryllium to Tungsten. As in previous years,
up to 40% of the AUG programme have been conducted in
the framework of the EUROfusion work package on tokamak
exploitation (WPTE). A general overview of results obtained
by WPTE can be found in [3].

New technical capabilities added in 2021/2022 include a
shattered pellet injection (SPI) system funded by the ITER
Organisation [4] and a ‘variable gap’ system for one of the
NBI sources [5], which allows the acceleration gap to be
adjusted between discharges, so that the injected power at
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Figure 1. The new ASDEX Upgrade upper divertor consists of flat W-coated target tiles, a cryopump and two in-vessel coils (all shown in a
CAD drawing in the left panel) that enable a variety of magnetic divertor configurations (right, XD = X-divertor, CRD = compact radiative
divertor, LFS SF—= snowflake minus on the low field side, SF+ = snowflake plus).

low accelerating voltage can be increased. Despite Corona
restrictions, e.g. limitation on the number of persons present in
the control room, AUG operated regularly in 2021 and 2022,
obtaining the wealth of results reported here. At present, the
machine is in shutdown to install a new upper divertor, which
will be used to explore advanced configurations for power and
particle handling. The upgrade consists of two new in-vessel
coils as shown in the left panel of figure 1, as well as new flat
targets to increase the power handling capability and a cryo-
pump to guarantee adequate pumping [6, 7]. With the new
coils, a variety of non-standard magnetic configurations will
be possible, as shown in the right panel of figure 1. The lower
divertor will be kept unchanged in order to allow continuation
of exhaust studies in ITER geometry. Operation is expected to
resume in the second half of 2024.

2. Pedestal and edge physics

An important element for future reactor-grade tokamaks is
the combination of the benefit of an H-mode pedestal with a
benign exhaust scheme, avoiding large edge localised mode
(ELM) bursts. ITER foresees to achieve this by suppressing
ELMs using resonant magnetic perturbations (RMPs). While
this method is also considered for the EU DEMO plasma scen-
ario, several H-mode variants without large ELMs are also
considered as candidates for this device. Both approaches are
studied in AUG. Since the ITER and DEMO edge conditions
(low pedestal top collisionality and high separatrix Greenwald
fraction) cannot be reached simultaneously in present day
devices, the AUG programme focused strongly on understand-
ing the underlying physics. A key element is to understand,
for the different stationary ELM-free regimes, what causes the
increased pedestal transport that keeps the plasma away from
the peeling-ballooning stability boundary without causing a
back-transition to L-mode.

Concerning the suppression of ELMs by RMPs, the pre-
viously reported boundary for ELM mitigation [8], i.e. an
increase in ELM frequency with simultaneous reduction of

the energy per ELM crash, was found to be consistent with
the lowering of the linear pedestal stability due to the 3-D
deformation of the edge introduced by the RMP field [9].
Conversely, full ELM suppression is due to a reduction of ped-
estal pressure below the ideal MHD stability limit. This reduc-
tion is mainly due to the reduction of pedestal top density when
applying RMPs and has partly been ascribed to increased tur-
bulent particle transport in the presence of the RMP field [10].
A new study, employing a novel analysis technique using ECE
data, identifies a locked magnetic island at the pedestal top dur-
ing the suppression phase [11]. The signature of this magnetic
island is not straightforward to detect by a phase jump in the
ECE perturbation (as is the case for a large tearing mode in an
otherwise axisymmetric plasma) since the kink perturbation
introduced by the RMPs dominates the displacement. Only
after subtracting the kink response of the plasma, calculated
with the VMEC code that has previously been shown to yield
good agreement with the experiment, can the phase jump be
detected at the corresponding rational surface in the plasma
(in AUG, using an n = 2 RMP pattern, often the 7/2 surface).
An example of such an analysis is shown in figure 2, where
the RMP field has been varied to slowly rotate the magnetic
island past the ECE diagnostic as indicated in the upper left
panel.

An important, but still unexplained, observation is the
absence of full ELM suppression using RMPs above a certain
H or He concentration in mixed H/D (ngy/n, ~ 0.4) [12] and
He/D (nye/n. ~ 0.2) plasmas. In these experiments, the con-
ditions for full ELM suppression in D, i.e. low enough edge
density and resonant gegg., are fulfilled and the typical dens-
ity pump-out is observed, but ELMs are only mitigated, not
suppressed. This may indicate that the difference is due to a
change of the 3-D MHD stability, since pedestal n, and T, are
well within the range of complete ELM suppression observed
in D plasmas.

Concerning naturally ELM-free scenarios, the full variety
of scenarios studied in AUG was presented at the previous
IAEA FEC [13]. Recent studies focused especially on the
regimes that are compatible with a radiative divertor solution,



Nucl. Fusion 64 (2024) 112001

H. Zohm et al

— 1.0 4
gl == YMEE 4 que—ELMy
L B £ #40181
—0.6 e
~ JE—
10,4 ———g
ECE 2
& & 0-2 s 1 8
T —Z POy S— ]
0'0—5 -4 —3 =2 —1
kink (blue dashed) R— Raxi [em]
kink + tearing (orange solid) sep
[ g? dec. * S
4 o =
o« 7 A = 0
g . e, ™
" Wl é
} SR incr. g | , _ ‘g _% _g
time -5 —4 -3 -2 -1

R — R [cm]

Figure 2. Detection of a magnetic island in the pedestal in an RMP ELM suppressed AUG discharge: the ideal kink response from VMEC
is subtracted from the perturbation of the flux surfaces to model the ECE emission. The remaining perturbation shows a phase jump at the
q = 712 surface, indicative of the island, for an RMP ELM suppressed discharge while such a phase jump is not detected in an ELMy

H-mode with RMPs applied.

i.e. those that can be run in AUG at high separatrix density and
high heating power.

A promising candidate that fulfills these conditions is the
quasi continuous exhaust (QCE) regime, in which type I ELMs
are replaced by filamentary edge transport, while maintain-
ing good confinement at high density. According to linear
and nonlinear MHD modelling, high-n ballooning instabilit-
ies soften the pressure gradient at the pedestal foot, moving
it away from the peeling-ballooning instability threshold [14,
15]. This is shown in figure 3 for three example discharges.
The QCE phases, dubbed ‘small ELMs’ in the left panel of
figure 3, can be seen in the left panel. These coincide with the
phases in which the pedestal foot is unstable to ideal infinite-
n ballooning modes, as shown in the right panel of figure 3,
which shows a contour plot of Fy,, the ratio of the ideal
limit to the actual pressure gradient. In these phases, ELMs are
replaced by the filamentary transport. It has been shown before
that, concomitantly, the SOL power fall-off length increases
strongly [16]. It can also be seen in figure 3 that higher gos
operation eases access to the QCE regime, but when extrapol-
ating to ITER, QCE should be accessible also at low ggs. An
overview of the parameter range in which the QCE regime can
be accessed in AUG can be found in [17]. QCE has recently
also been established on JET, including D-T operation at ITER
relevant qos, in qualitative agreement with the physics picture
described above.

Another ELM-free regime studied recently in AUG is the
enhanced D-alpha (EDA) H-mode (first seen on Alcator C-
Mod [18]), which occurs at lower separatrix density than
the QCE regime [19]. Here, enhanced pedestal transport is
ascribed to a Quasi-Coherent Mode (QCM). The EDA oper-
ational window has been increased significantly in terms of
heating power, applying impurity seeding to keep the sep-
aratrix power in the appropriate window, also under ITER
baseline conditions. A detailed analysis of the QCM revealed
that it also occurs in the QCE regime, with the spectral width
becoming broader. The transition between EDA and QCE

when increasing the density is rather continuous, indicating
the underlying physics could be very similar. The QCM itself
was found to be localized at the pedestal foot (ppoe ~ 0.99), has
a poloidal wave number in the range ky p; ~ 0.025-0.075 and
propagates in the ion diamagnetic drift direction at w ~ 0.5
w; dia in the plasma frame [20]. These findings are consistent
with the interpretation as a high-n ballooning mode.

Finally, ELMs are also reliably observed to be absent in
the X-point radiator (XPR) regime described in more detail
in section 4 if the maximum of the radiating zone is located
on closed flux surfaces at a certain distance above the X-point
(7 cm in AUG). The suppression is possibly due to a softening
of the pressure gradient at the pedestal foot, but further ana-
lysis is needed to confirm this picture.

3. Transport physics

Experimental studies of the L-H transition support the pic-
ture of the well of the radial electric field E, playing a key
role for the transition. It was shown that with favourable drift
(ion grad B drift towards the divertor), the E, minimum at the
transition has the same value for a range of densities, heating
methods, magnetic fields and when changing the hydrogen iso-
tope. This holds also for the H-L back-transition. However,
the E, minimum is different with reversed VB drift, indic-
ating different physics at play [21]. On the modelling side,
nonlinear, local GENE simulations of the L-mode edge in
power scans approaching the L-H transition reproduce very
well the experimentally observed steepening of the pressure
and radial electric field gradient [22]. In order to match the
experimental results, both electromagnetic effects and E, shear
must be included in the gyrokinetic modelling.

A main aim of core transport studies on AUG is to develop
first-principles based full radius modelling capability using
reduced models that describe energy and particle confinement
at least as well as the usual scaling laws, but allow for more
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model outperforms several scaling laws.

robust extrapolation to ITER and DEMO, due to their physics-
based nature. Using the latest version of the TGLF quasilinear
transport model in ASTRA, it was, for the first time, possible
to model an L-mode parameter scan of AUG discharges over
the full radius, prescribing only the sources and the separat-
rix temperature and density, where T, qp is taken from the 2-
point model, T sp is set to 1.5 T, sep, and 1 gep is assumed to
be 71, 5ep = 0.3 <n, > yo1 [23]. Figure 4 shows an example for
an ECRH power scan as well as a comparison of the model to
two L-mode scaling laws, and for reference, also half of the
IPB98 H-mode scaling law.

It is found that the main experimental features of L-
mode transport, such as strong I, dependence, confinement
increase with increasing density and power degradation, are
described very well, with the stored energy from TGLF-
ASTRA matching the experimental values better than L-mode
scaling laws. This allows a physics interpretation of the indi-
vidual dependencies [24]. For example, the improvement of
energy confinement with plasma current at fixed toroidal field
B; can be traced back to increased ExB stabilisation with the
variation of the safety factor. Thus, if B, is increased at con-
stant current, the change in ¢ will deteriorate confinement,
largely offsetting the beneficial effect of increased B, due to the
gyro-Bohm scaling. This interplay explains the weak overall
scaling of confinement with B,.

Concerning full radius integrated modelling of H-mode dis-
charges, the successful IMEP scheme [25] which combines
a pedestal model based on peeling-ballooning stability and a
critical gradient model for electron temperature in the pedestal
was extended to describe the pedestal of Alcator C-Mod and
JET discharges with good accuracy. While the original, dimen-
sional critical pedestal-temperature-gradient, which describes
the AUG pedestal quite well, could not predict the pedes-
tal characteristics of C-Mod and JET, a normalisation to the
major radius of the machine (representative of the toroidal field
curvature), leads to excellent agreement [26].

A new framework to study momentum transport was
developed based on NBI modulation experiments [27]. By fit-
ting the spatio-temporal variation of the rotation profiles in
such experiments, it is possible to separate momentum dif-
fusivity, convection, and residual stress in H-mode plasmas.
Here, it is assumed that all three components obtain their time
dependency mainly from a scaling with the experimentally
determined ion heat diffusivity, which is taken as a proxy for
the perturbed turbulence intensity, to compensate for the cross-
channel perturbation induced by the beam modulation. It can
be seen in figure 5 that with this Ansatz, the experimental data
can be fitted very well (upper row of figure 5). Moreover, a
comparison of the resulting diffusivity and pinch (lower row of
figure 5), normalised to the ion heat conductivity, shows good
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Figure 5. Analysis of momentum transport in NBI torque modulation experiments. Fitting simultaneously the steady-state, amplitude and
phase profiles of the rotation (upper row) allows to separate the normalised diffusivity and pinch as well as the local intrinsic torque
contributions (lower row). The black crosses indicate predictions by the gyrokinetic code GKW.

agreement with gyrokinetic predictions by the GKW code.
The study also shows that it is important to include the time
dependent local intrinsic torque, shown as well in the lower
row of figure 5, to reproduce the experimental data to high
accuracy and to match the gyrokinetic prediction. An analysis
of a pair of H and D discharges showed little influence of the
isotope on the normalised momentum transport coefficients,
agreeing with gyrokinetic calculations [28]. The new frame-
work is being used to systematically validate gyrokinetic pre-
dictions and to study parameter dependencies of the intrinsic
torque.

4. Integrated exhaust scenarios

Establishing integrated solutions for power and particle
exhaust that combine benign target loads, efficient pumping
of fuel and impurity particles, and acceptable impact on the
core plasma performance has been a major subject of research
on AUG. These studies make full use of the ample heat-
ing power available, in combination with feedback-controlled
impurity seeding using different gases to enhance radiative
losses from both the confined plasma as well as SOL and diver-
tor region. Previously, robust control of the XPR, a cold and
dense region with high radiative losses, localised on closed
flux surfaces close to the X-point had been demonstrated [29].
More recently, an analytical model for the XPR, based on
particle and energy balance, has been developed [30]. This
model describes successfully the access conditions to the XPR
regime as well as the transition from a stable XPR to an
unstable MARFE, which sets the limitation on the operational
space of the XPR regime. SOLPS calculations show very good

agreement with the model [31]. Since in the XPR regime, a
total radiated power of up to 95% of the heating power can be
stably achieved, it is deemed an attractive solution for ITER
and DEMO due to the more homogeneous spreading of the
power compared to radiative divertor solutions.

Based on the XPR regime, a new exhaust configuration
with the X-point very close to the target plate was established
(see figure 6). In this compact radiative divertor (CRD) regime
[32], the divertor can be stably detached while maintaining
good confinement. In this configuration, the flux expansion is
large (e.g. more than 50 in the right panel of figure 6) and,
despite the very shallow field line incidence, no overheating
of leading edges is observed at high heating power (up to
15 MW). Although the magnetic divertor is far away from
baffling structures, neutral density can be quite high, allow-
ing for efficient pumping. This is explained by the trapping
of neutrals in the wide plasma fan observed in SOLPS mod-
elling of this configuration [33]. Similar to the XPR regime,
there are no large ELMs (see also section 4). This regime
might be very attractive for future reactor-grade devices, as
it offers the possibility to maximise the plasma volume and
breeding zone. In future reactors, such regimes must be robust
against reattachment [34]. For the CRD, heat pulses of 75% of
the applied heating power could be compensated by the act-
ive XPR control. Additionally, the injection of impurity doped
pellets is a potential actuator to quickly counteract the risk of
reattachment. This was demonstrated in AUG, with doped pel-
lets resulting in a more rapid increase of radiated power with
higher radiation efficiency compared to impurity seeding by
gas puff [35].

Efficient particle exhaust is another important function of
the divertor. The exhaust of He in AUG was characterized
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(a) 40700 @ 1.9 s (SN, 10 MW)

(b) 40700 @ 5.0 s (CRD, 15 MW)

Figure 6. CRD experiments in AUG: starting from an upper single null configuration (left) the plasma is shifted closer to the target plates,
strongly increasing the flux expansion f;. In the CRD configuration (right), the total heating power of 15 MW is exhausted without
overloading leading edges in the wetted area, despite the low field line incidence angle of 0.2 degrees.
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Figure 7. Study of He pumping in AUG: simultaneous measurement of the core He density by CXRS and the neutral density in the pump
chamber using a Penning gauge allows to study the enrichment of He. The left panel shows the experimental setup, the right panels show the
decay of the core He density after a He gas puff in attached and detached divertor conditions, indicating that the He pumping is less efficient

in detached conditions.

in detail by measuring both the He concentration in the core
plasma as well as neutral He in the pump duct (see left
panel of figure 7). Applying a He gas puff to the plasma,
the decay of the core concentration can be measured (right
panels of figure 7). A complete description of the He invent-
ory was set up [36], including the core particle confinement,
the He recycling, the trapping in the main chamber and the
divertor wall elements and, finally, the pumping of neutrals.
Separation of the different terms by time dependent model-
ling is important to characterize the influence of wall con-
ditioning and isolate it from the physics that would determ-
ine the He pumping in steady state, as will occur in a fusion
reactor. Applying this analysis to experiments like the one
shown in figure 7, it is seen that under detached conditions,
He removal is indeed slower, attributed to a lower He com-
pression C, = n;0div/M; main Under these conditions (11,0 giv 1S
the neutral density in the divertor, n, n,i, the ion density in
the core).

Particle balance studies of recycling impurities showed
that their removal is always dominated by the pumping effi-
ciency, emphasizing the importance of the divertor enrich-
ment, 17, = C./Cpeyterium- This quantity has been determined
for He, N5, Ne, Ar and Kr in AUG [37], and it was shown that
the main parameter ordering the different species is the ioniz-
ation energy, leading to values of > 10 for Kr and N;, while
He has values below 1. In line with the result quoted above,
the study found that under detached divertor conditions, the He
enrichment is reduced by a factor of 1.4, while no difference
in enrichment was found between standard ELMing H-modes
and the EDA/QCE regimes.

5. MHD stability and disruption studies

Concerning MHD stability, experiments validated the recently
adopted ITER strategy for error field correction based on the
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Figure 8. Analysis of sawtooth reconnection using ECE Imaging: the motion of the hot core across the g = 1 surface is followed by offset
corrected temperature measurements. The radial velocity of the core is directly related to the reconnection rate.

plasma response. If the RMP coil current phasing is chosen
to maximise the overlap with the ideal MHD plasma response
due to the error field (calculated from a detailed electromag-
netic model of the AUG coils and their feeders), the ideal (-
limit is highest [38], outperforming other correction strategies
based on correcting the vacuum field error field.

Also in the area of MHD stability, detailed measurements
of the motion of the hot plasma core during sawtooth recon-
nection using ECE imaging enabled the study of reconnection
rates [39]. An example is shown in figure 8, where the dots
and arrows map out the motion of the hot core and show a clear
transition from rotation to radial motion between the upper and
the lower panel. A comparison with nonlinear 2-fluid MHD
modelling [40] showed consistency in both absolute value and
parameter scaling of the hot core motion. The reconnection
rate is found to increase with 7, consistent with the predicted
importance of finite Larmor radius effects. This indicates that
including the pressure term and electron inertia in the parallel
Ohm’s law is key to resolving the usual discrepancies when
applying a simple Kadomtsev model, which for the cases stud-
ied would yield a large discrepancy in absolute value as well
as the wrong parameter dependence.

Disruption studies were a strong focus of the experimental
programme, supported by the SPI system, which was installed
in 2022 and financed through a collaboration with ITER
Organisation. This system allows different shatter head geo-
metries to be tested, resulting in a variation in the pellet shard
size distribution independent of the injection velocity. A com-
prehensive characterisation under laboratory conditions was
performed, yielding quantitative information on the depend-
ence of the shard size distribution and its dependence on the
injection speed [41]. These were found to exhibit discrepan-
cies when compared to the predictions of the model presen-
ted in [42], indicating the need to refine the theory. This is
important since the shard size and velocity distribution are key
inputs to nonlinear MHD simulations aimed at understanding
the quenching process initiated by SPI [43].

In a series of experiments, SPI was applied to shut down
AUG plasmas [44, 45]. An important experimental knob is the

pellet composition, which can be of varying deuterium/neon
fraction. Higher Ne fractions lead to an increase in radiation
and a faster current quench. To date, optimum plasma termin-
ation was achieved with a D-pellet for pre-cooling, followed
by a Ne (doped) pellet to rapidly reduce the plasma current.
Tailoring the radiation fraction and the current quench time by
multiple injections will be an important tool to simultaneously
fullfil the ITER shutdown requirements such as limiting the
forces and avoiding excessive runaway generation.

Progress was also made in understanding the reduction
of forces by injecting impurities via massive gas injection
MGI through a full nonlinear MHD simulation of the process,
including the VDE following the thermal quench that determ-
ines these forces [46].

As another focus of disruption studies, the DCS was
equipped with new control capabilities and was used to study
safe tokamak operation close to the H-mode density limit
(HDL). The aim of the studies is to characterise the safe oper-
ational space in a parameter space accessible to real-time eval-
uation and to move the discharge back into this region once the
boundary of the safe space is crossed. A characterisation of the
plasma state in terms of edge density and confinement quality
allowed safe navigation of the discharge close to the HDL [47].
This scheme was successfully transferred to TCV [48], and
the operational space at AUG was determined for variations
of different parameters, such as triangularity and the heating
and fuelling method [49]. Since the HDL is often initiated by
the formation of a MARFE, these studies are directly linked to
the characterisation of the XPR and its stability described in
the previous section.

Figure 9 shows how the DCS is used to conduct explora-
tions of the operational space: the experiment shown explores
the impact of heating power on the HDL [50]. In order to
probe this, the gas flux is ramped strongly (trace ‘Dyy’ in the
left panel of figure 9) until a MARFE is detected by the XPR
crossing a bolometer sightline above the X-point (trace ‘XPR
position’). This triggers the switch from the HDL segment of
the discharge programme to a recovery segment, in which the
gas flux is reduced and additional heating power is applied,
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Figure 9. Experiments probing the safe operational space: in each segment of the discharge, the density is increased by gas puff (trace
labelled ‘Do’ in the left panel) until a MARFE is detected, which leads to the DCS switching to a recovery segment. Then, the gas puff is
increased again, at different heating power. The trajectories of such experiments are shown in the right panel, indicating how they can be
characterised in the space of normalised confinement versus normalised edge density.

reducing the MARFE to a stable XPR. Then, the next HDL
segment is activated, probing the MARFE stability at a differ-
ent (higher) total heating power. The experiment shown lead
to 5 different explorations of the operational space in a single
discharge without a disruption, while a feedforward procedure
would have taken 5 disruptive discharges. It therefore outlines
a procedure how the operational limits can be probed in future
experiments without disruptive termination. The right panel of
figure 9 shows the trajectories of this discharge and others in
the normalised space mentioned above. The HL transition can
be recognised by the decrease in edge density, while maintain-
ing the discharge in the ‘safe’ space outlined by the red box
will guarantee that the discharge stays away from that limit.

6. Integrated operation scenarios

The development of integrated operation scenarios focuses on
both the ITER baseline (low g9s H-mode) and advanced toka-
mak (AT) scenarios. Concerning the latter, both hybrid (central
g-value just above 1) and elevated central g-profiles have been
studied.

For the ITER baseline scenario, studies focused on under-
standing the reduction of the H-factor Hog/y2) observed at high
density/Greenwald fraction [51] shown in figure 10.

In AUG, the high-density regime is related to high col-
lisionality, and the density profiles are hence flat due to
the reduction of turbulent inward pinch with increasing
collisionality [51]. This has been identified as the main cor-
relation with the reduction in H98(y,2), as can be seen in the
middle panel of figure 10. This is different to other regimes,
where in AUG, confinement degradation at high density is
often attributed to a deterioration of the pedestal, as e.g. dis-
cussed below for AT scenarios. The H20 scaling [52], on the
other hand, captures this effect, as can be seen in the right panel

of figure 10. We note, however, that for ITER, a significant
density peaking is predicted by TGLF [53], putting the oper-
ational point close to the low-density AUG operational space.
This finding emphasizes the need for physics based full radius
modelling rather than application of scaling laws when extra-
polating to future devices, as outlined in section 3 above.

For AT scenarios, the large variation in Hog observed exper-
imentally, ranging between H = 0.85 and H = 1.35, was
traced back to a variation of the separatrix density [54] that
influences the pedestal height: higher separatrix density moves
the region of steepest pedestal density gradient towards the
separatrix, reducing the MHD stability, as shown previously
for standard H-modes [55]. This knowledge has been used
to optimise the confinement of AT discharges. Concerning
the current ramp-up phase in AT scenarios, predictive mod-
elling has been set up to guide the access to the target current
profile by employing the actuators for current drive (NBCD
and ECCD). Predicting the electron temperature profile evolu-
tion with a mixed Bohm/gyro—Bohm model, the ASTRA code
could successfully predict the timing of the actuators to access
targeted elevated g-profiles with minimum flux consumption
[56, 57]. Studies using the RAPTOR code to achieve this
goal with a nonlinear optimisation algorithm also showed
very promising results [57]. These procedures will be very
beneficial to minimise ramp-up time and flux consumption
in future large devices with a very long current redistribution
time.

Using these tools, two main lines were followed, namely
the hybrid scenario with central g close to 1, but no sawteeth
[58], and a scenario with an elevated g-profile with gy, > 1.5
[56]. In the hybrid scenario, flux pumping provides a redistri-
bution of the central current density by a central MHD mode
to keep ¢ > 1, allowing even for central ECCD to drive part
of the current with good CD efficiency. An example of a fully
non-inductive discharge is shown in figure 11. In the left panel,
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i.e. recharging of the transformer. The current profile composition is shown on the right. The inconsistency with conventional modelling
(lower right panel) indicates the effect of flux pumping at the ¢ = 1 surface.

one can see that stationary conditions are achieved with the
H-factor exceeding 1 and Sy higher than 3. The current com-
position indicates that up to 50% is driven by bootstrap cur-
rent, with the other 50% being supplied by NBCD and ECCD.
The brown region starting at 4 s indicates slight overdrive,
as can also be seen by the increase of poloidal flux at the
boundary in figure 11(b) (indicating a negative loop voltage).
From figure 11(c), it can be seen that for the current density
inferred by time dependent equilibrium reconstruction incor-
porating kinetic constraints [59], there is a good fit with the
driven current in the outer part of the plasma, whereas there
is a clear inconsistency further inward. The difference, Aj in

figure 11(d), is consistent with the flux pumping redistribution
of the current profile mentioned above, which can be explained
by a stationary central quasi-interchange (1,1) mode whose
flow pattern generates a nonlinear toroidal component of the
dynamo loop voltage [60].

As mentioned above, a second AT scenario studied in AUG
is based on an elevated (g, > 1.5) current profile. This has
been established successfully using cental ctr-ECCD. While
it can, in principle, have a higher bootstrap current efficiency
due to the elevated central q (jbs ~ Vp @), it has been found
experimentally to exhibit a lower S-limit of Snmax ~ 2.8 as
opposed to On.max = 3.3 in the hybrid scenario. This is in line
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with the expected no-wall S-limit (in AUG, the wall is situated
quite far away from the plasma so that it is not expected to play
a strong stabilising role [61]). A detailed comparison of these
two scenarios will be conducted in the near future.

Negative triangularity () configurations were studied for
the first time in AUG [62], limited in shape by the constraint to
fit the divertor legs into the existing divertor structure. Hence,
high power could only be applied to configurations with upper
6 = — 0.2 and average 0 close to zero. In the favourable VB-
drift direction, H-mode was accessed easily in this configur-
ation. With unfavourable drift direction, using ECRH only,
improved L-mode confinement (Hog ~ 1) was found, which
can also occur in low current positive triangularity discharges,
albeit not at this level (Hog < 0.8). Conversely, in power scans
up to 13 MW with dominant NBI, confinement was close to
usual L-mode levels, exhibiting a pronounced power degrad-
ation. The negative delta shape would have to be improved to
more negative values in order to understand if improved L-
mode confinement, as is found in TCV [63] and DIII-D [64]
can also be established at higher heating power in AUG.

7. Summary and conclusions

The results presented here show substantial progress in under-
standing the plasma physics of tokamak fusion reactors. In the
area of pedestal physics, RMP ELM mitigation was found to
be consistent with a reduction of the linear peeling-ballooning
stability threshold due to the helical deformation of the plasma.
In contrast, ELM suppression by RMPs is ascribed to an
increased pedestal transport that keeps the plasma away from
this boundary. Candidates for this increased transport are loc-
ally enhanced turbulence and a locked magnetic island in the
pedestal. The EDA/QCE regime has been established as a
promising ELM-free scenario in which the pressure gradi-
ent at the pedestal foot is reduced by a quasi-coherent mode,
consistent with local violation of the ideal, high-n, balloon-
ing mode stability limit there. In the area of transport, pro-
gress has been made towards full radius modelling of both L-
and H-modes. These models now outperform the usual scaling
laws in predicting energy confinement on AUG. A new ana-
lysis method for momentum transport points out the import-
ance of including time dependent transport coefficients and the
intrinsic torque in the analysis and provides the basis for para-
metric studies. Access to the XPR regime, a cold and dense
strongly radiative zone on closed flux surfaces, was under-
stood in terms of an analytical model, confirmed by SOLPS
calculations. Moving the XPR close the target established a
new detached divertor concept, the CRD, in which the exhaust
power is radiated before reaching the target without limitation
by shallow field line angles. Pumping of non-recycling impur-
ities, including He, was studied in detail, showing that the
divertor enrichment of the impurity mainly depends on its ion-
isation energy. Detailed studies of sawtooth crashes showed
good agreement with nonlinear 2-fluid simulations, indicating
that the fast reconnection is adequately described by including

the pressure gradient and electron inertia in Ohm’s law. In the
area of disruption mitigation and avoidance, a newly installed
SPI system allowed the study of the plasma shutdown with
varying pellet impurity admixtures, demonstrating the possib-
ility to tailor the current quench rate. Disruption avoidance
was studied for the HDL, mapping out the safe operational
space with a newly developed active feedback control method.
The role of density peaking in the confinement of the ITER
baseline scenario was clarified, highlighting again the need to
move from scaling laws to physics based models. Concerning
advanced scenarios, access to target g-profiles was guided by
a newly developed modelling approach and the conditions
for achieving good confinement were clarified. Based on this,
advanced scenarios of the hybrid type as well as with elevated
g-profile were established on AUG.

Concerning future directions, AUG entered a shutdown
scheduled until September 2024 for the installation of the new
upper divertor with in-vessel coils that will allow the study
of advanced divertor physics in a variety of configurations. In
particular, various configurations with enhanced flux expan-
sion in conjunction with the new flat divertor tiles will allow
to study benefit and limits of this technique. Also, the shap-
ing capabilities will be improved due to enhancements of the
PF coil current supply, increasing the flexibility to study the
impact of shape on plasma properties, such its role in reliably
achieving the QCE regime. Furthermore, an initiative has been
started to augment the diagnostic capabilities to better under-
stand the physics of disruptions and their mitigation. These
extensions will further improve our capability to establish first
principles understanding of fusion plasma physics, which is
needed in order to safely extrapolate from present day devices
to reactors. Together with other tokamaks worldwide, opera-
tional experience gained on AUG will directly inform ITER
operation, aiming to optimise the path to Q = 10 once it has
started operation.
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