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Abstract

The appropriate tailoring of the g-profile is key to accessing Advanced Tokamak (AT) scenarios, which
are of great benefit to future all-metal fusion power plants. Such scenarios depend on low collisionality v*
which permits efficient external current drive and high amounts of intrinsic bootstrap current. At constant
pressure, lowering the electron density n. leads to a strong decrease of the collisionality with increasing
electron temperature v* ~ T, 3. Simultaneously, the conditions for low 7, also benefit impurity accumu-
lation. This paper reports on how radiative collapses due to central W accumulation were overcome by
improved understanding of the changes to recycling and pumping, substantially expanded ECRH capacities
for both heating and current drive, and a new solid W divertor capable of withstanding the power loads at
low n.. Furthermore, it reports on various improvements to the reliability of the g-profile reconstruction. A
candidate steady state scenario for ITER/DEMO (g9s = 5.3, SN = 2.7, fios > 40%) is presented. The ion
temperature profiles are steeper than predicted by TGLF, but nonlinear electromagnetic gyro-kinetic analy-
ses with GENE including fast particle effects matched the experimental heat fluxes. A fully non-inductive
scenario at higher gos = 7.1 for current drive model validation is also discussed. The results show that

non-inductive operation is principally compatible with full-metal machines.
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I. INTRODUCTION

Future tokamak-based fusion power plants (FPPs) will feature full-metal walls and likely re-
quire long pulses or complete non-inductive operation to be economical. Scenarios which allow
for such long-pulse operation are known as Advanced Tokamak (AT) scenarios. Such scenarios
promise improved stability, confinement and extended pulse lengths up to fully non-inductive op-
eration [1-3]. This is to be achieved by manipulating the toroidal current density profile j, and
thus the safety-factor ¢, which is a key parameter for realising these goals. Ultimately, the ideal
outcome is a scenario that consistently maintains both a suitable current density profile and the
corresponding g-profile with minimal or even no additional external current drive. Instead, large
amounts of intrinsic bootstrap current density j,s would provide the largest share of the toroidal
current.

Such scenarios have been studied in many machines, including JET [4, 5], JT-60U [6], DIII-D
[7, 8], and then-carbon ASDEX Upgrade (AUG) [9, 10].

This paper summarises the research efforts regarding AT scenarios in AUG since the conversion
to a full-tungsten interior. These efforts are mainly directed towards developing credible advanced
scenarios that are consistent with European proposals for a future demonstration power plant [11,
12]. Furthermore, the efforts also aim at verifying key models needed to extrapolate to future FPPs,
e.g. transport models or current drive models. AUG’s metal walls make it an ideal device for the
development of scenarios for such future FPPs since they, too, will be faced with high-Z impurity
inflow from their plasma-facing components (PFCs). Additionally, its expansive current drive and
heating capacities allow for a variation of the g- and kinetic profiles over a wide parameter range.

In order to access these scenarios it is necessary to at least initially tailor the g-profile as needed.
Moreover, it is also necessary to properly diagnose it after the fact. The tailoring can be achieved
through a controlled initial ramp-up of the plasma current, external current drive or intrinsic boot-
strap current, the latter two of which particularly benefit from a low collisionality v, i.e. a low
electron density n. and/or high electron temperature 7.

In full-tungsten AUG, achieving these conditions concurrently is non-trivial. To maintain a low
density, little to no additional gas puffing can be applied. Consequently, all beneficial aspects of
gas puffing are absent, e.g. the influx of impurities cannot be suppressed nor can the heat flux onto
the divertor be reduced.

Section II presents an overview over the efforts necessary to access AT conditions under these



constraints. Since the essential g-profile reconstruction was also affected by the conversion to
tungsten, section III reports on the improvements to the current profile reconstruction capabilities.
With these prerequisites covered, section IV briefly summarised a proposal for a demonstration
FPP non-inductive steady-state scenario before presenting the recently developed AUG advanced
scenarios and comparing them with the target scenario. This includes a verification of the current
understanding of plasma transport by comparing observed ion temperature profiles with modelled

ones. Finally, section V gives a summary and an outlook.

II. ACCESSING ADVANCED TOKAMAK CONDITIONS

AT scenarios have been studied in AUG since the installation of the Motional Stark Effect
(MSE) diagnostic in 1997 [13, 14]. Starting in 1999, the interior of AUG was successively covered
with Tungsten. This was completed with the coverage of the strike point area and ICRF limiters
in 2007 [15]. Prior and during the coverage, successful investigations of AT scenarios took place,
for instance the demonstration of a fully non-inductive H-mode in 2000 [9].

With increasing W coverage of the PFCs, the approach to enter H-mode as well as to maintain
advanced scenario conditions had to be adapted.

In order to enter H-mode with the carbon divertor a steady gas supply before the L/H-transition
was necessary. This was explained by the divertor storing the gas and releasing it during the
transition. In contrast, with the tungsten divertor very little fuelling is necessary during the ramp-
up. Conversely, the divertor no longer provides any gas during the L/H-transition. As a result, to
satisfy the increased particle confinement in H-mode, significant gas puffing is necessary during
the transition. This also helps to prevent ELM-free phases directly after the transition which would
otherwise cause strong W-accumulation. More details on this can be found in reference [13].

Since low collisionality is a prerequisite both for efficient external current drive and high
amounts of intrinsic bootstrap current, this strong gas puffing in the early discharge cannot be
continued throughout the discharge for it would otherwise raise the plasma density and thus the
collisionality. Alternative mitigation strategies are necessary for the bulk plasma to remain free of
tungsten. A common solution still in use today is boronisation of the PFCs, which is usually done
about once a month and has a noticeable effect for approximately 100 discharges [15]. Another
approach to flush out impurities is by means of RF heating to increase outward particle flux in the

core plasma. ICRF heating was initially used, but subsequent application of tungsten to the ICRF



limiters turned the ICRF into a tungsten source. This can be mitigated by using boron-coated
ICREF limiters as well as a novel 3-strap ICRF antenna that minimises RF image currents in the
antenna frame [16].

Another means of expelling impurities with RF heating is by ECRH [17]. Before 2007, AUG’s
two ECRH systems were capable of delivering up to 0.8 MW of electron heating for a total of 2 s
each. Between 2007 and 2011 this was extended by another ECRH system capable of providing up
to 4 MW of heating for 10 s [18, 19]. Finally, the original system has now been decommissioned
and is in the process of being replaced by a new system for a total of up to 8 MW of ECRH power.

In a device like AUG that is comparably small it is not possible to simultaneously detach the
divertor and maintain the necessary low central density. As a result the input power reaches the
divertor plates largely without mitigation. Consequently, the divertor must be hardened to with-
stand continuous power deposition of over 10 MW for several seconds. For this reason, since the
2014 campaign AUG has been equipped with a solid tungsten divertor, Div.-I1I. It has shown to be
able to absorb heating energy of up to 100 MJ while withstanding normalised heat fluxes Pyp/R
of up to 10 MW/m [20]. Moreover, the geometry was modified with respect to Div.-11d to allow
for increased pumping efficiency which also contributes to maintaining a low r..

Limiting the effect of tungsten on the plasma without deuterium gas puffing is a balancing act
between managing the sources of impurity inflow and increasing the outward transport thereof.
The primary sources whose impact can be affected are the inner and outer limiters [21, 22]. This
is accomplished by an increased wall clearance of the plasma. To increase the radial transport,
central EC heating is used. Indeed, a lack of central ECRH usually leads to a radiative collapse of
the discharge. Insufficient wall clearance leads to an increase in the edge tungsten concentration,
which can still be handled by central heating [23], albeit at possibly reduced energy confinement
due to increased radiative losses. This way, even strong impurity inflows can be mitigated by
strong central ECRH, although the resulting plasmas may lose their relevance as 7. increases
strongly over T;.

In addition to using only a minimum of gas puffing, the bulk plasma density can be reduced
further by exploiting the density pump-out phenomenon associated with the use of resonant mag-
netic perturbation (RMP) coils [24]. Using this, H-modes with line-averaged central densities as

low as ne # 3 X 107 m™ ~ 0.3 X ngw at I, = 800 kA have been achieved.



III. EQUILIBRIUM RECONSTRUCTION

Ul

FIG. 1: Summary of the imaging MSE working principle [25]. (a) Raw image containing interference
patterns caused by polarised light interacting with birefringent crystals. (b) Fourier transformed camera
image with the three components of interest that include the polarisation information highlighted. (c) Back-

transformed image showing the measured 2D polarisation angle.

The plasma equilibrium, in particular the g-profile, has profound impact not only on the plasma
confinement, but also on global and local stability. The accurate determination thereof is thus a
requirement for meaningful AT studies.

Since its integration the MSE diagnostic [14] that observes beam emissions from beam box 1
has been the main diagnostic for the determination of the central current density profile. During
AUG’s conversion from carbon to tungsten, a deterioration of the MSE diagnostic reliability was
observed. As it turned out, this had two different causes that coincided: 1) a defective photoelastic
modulator (PEM) caused random drifts in the measurements and 2) the W-coverage of the PFCs
strongly increased the reflectivity of the torus interior which is now able to contaminate the MSE
measurements through polarised light from reflections, which has also been observed at Alcator
C-Mod [26]. With the defect occurring at about the same time as the introduction of tungsten, the
latter effect was masked until it was definitively confirmed in 2014 [27, 28].

As a consequence of this, the current profile reconstruction capabilities were substantially ex-
panded in order to no longer rely on a single diagnostic. The MSE diagnostic itself is currently
in the process of being upgraded to a polychromator system akin to that of C-Mod [29] that can
measure and correct for the polarised background light.

In addition to this, two lines of sight of the DCN-interferometer that is used for density mea-
surements were equipped with a polarimeter such that they can now perform Faraday rotation

measurements (POL) [30]. The main advantage of this system over MSE is that measurements are



independent of the heating scheme and therefore available under all conditions. This also provides
for an automatic baseline measurement before and after the discharge. This means that as opposed
to MSE systems, POL always knows its zero value. Filters are in place to prevent contamination
of the measurements through reflections of polarised microwave radiation from EC heating.

Being a line integrated measurement through the plasma, POL measurements cannot offer
the same localised information as MSE measurements. However, since Faraday rotation is the
strongest were the magnetic field is parallel to the line of the sight, the bulk of the contribution to
the signal stems from one narrow region. There, the MSE and Faraday polarimetry can be easily
cross-checked.

A novel current profile diagnostic is the imaging MSE (IMSE) system that observes beam
emissions from beam box 2 [25]. In contrast to the regular MSE system, the IMSE does not
use PEMs to convert the polarisation of light into an intensity modulation in time. Instead, an
array of optically active crystals creates multiple interference patterns that encode the polarisation
information in the contrast ratios that are imaged on a camera CCD. From this, a 2D polarisation
image can be generated. This is shown in figure 1. The IMSE has a broad field of view reaching
well into the high-field side and due to the high light efficiency, the IMSE has a high accuracy
(relative Ag < 0.05). Additionally, the IMSE is set up to cause constructive interference between
the 7- and o-components of the beam emissions such that it can process light from both lines. This
makes it independent of any broadband polarised background light. These characteristics make the
IMSE diagnostic ideal for investigations of magnetohydrodynamic (MHD) core phenomena like
Sawtooth crashes [25].

The expanded diagnostic coverage of the MSE, IMSE and POL systems is summarised in
figure 2.

Finally, a new equilibrium code (IDE) has been developed to combine the data from all these
diagnostics [31]. With equilibrium reconstruction being an ill-posed problem, most if not all equi-
librium codes do not only use experimental data to yield a result but also rely on regularisation to
pick one solution out of the large solution space. IDE all but entirely removes the need for regular-
isation by coupling the regular equilibrium reconstruction to a flux diffusion scheme. This allows
to reduce the solution space based on time dependent physics rather than numerical regularisation.

In this scheme, the first time point of a discharge is calculated using experimental data and
conventional regularisation. The experimental data includes all information available at AUG,

i.e. magnetics, measured thermal electron and ion pressure as well as modelled fast ion pressure,
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FIG. 2: Current profile diagnostic coverage in a typical H-mode discharge (#34656). Two Faraday rotation
polarimetry lines of sight shown in red, MSE lines of sight shown in blue, imaging MSE in orange. Gray

contours represent flux surfaces at Appor = 0.2 intervals.

divertor tile currents, and optionally isoflux constraints from electron or ion temperature measure-
ments. Subsequent time points of the reconstruction replace regularisation by the diffused toroidal
flux-surface-averaged current density as a weak constraint. This diffused current is taken from
the respective previous time point and is diffused according to the flux/current diffusion equation

(CDE) [32, 33]:
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IDE self-consistently calculates the bootstrap current density jps using its own reconstructed

equilibrium and measured kinetic profiles [34—-36]. The externally driven current density jcp is

obtained from TORBEAM [37, 38] for ECCD and from TRANSP/NUBEAM [39-41] for neutral
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FIG. 3: Flow diagram showing IDE workflow. Initial conditions are given by the equilibrium at time point
t;, i.e. the poloidal flux matrix i as well as the kinetic profiles n or T and the modelled non-inductive
toroidal current contributions jNr = jubs + jcp. Applying the current diffusion equation (CDE, eq. 1) yields
an estimate of j, at #;+1, which is used as a weak constraint (dashed arrow) when reconstructing the next
equilibrium with a Grad-Shafranov-Solver (GSS) from all experimental data (bold arrow), e.g. magnetic

information @, pressure p, or MSE measurements yy,.

beam current drive. In the absence of internal experimental data from MSE or Faraday polarimetry,
the evolution of the internal equilibrium is given by the CDE. If such data is available, then it
will outweigh the CDE influence since the CDE is only included as a weak constraint. CDE
information is also not included in the calculation of the result uncertainties such that they only
reflect the available experimental information and are as independent of priors as possible. IDE’s
operation scheme is summarised in figure 3.

The diagnostics (MSE, POL, IMSE) are ultimately sensitive to the same physical quantity,
namely the toroidal current enclosed in the given flux surfaces. This opens the possibility of
cross-checking the data to ensure its reliability. On top of that the measurements are automatically
compared to the expected evolution of the equilibrium as given by the CDE. Together the diag-
nostics and IDE allow for reliable equilibrium reconstruction as well as immediate identification

of anomalous behaviour like flux pumping [42, 43].

IV. SCENARIO DEVELOPMENT RESULTS

With the aforementioned necessary capabilities in place, meaningful and systematic investi-

gations of AT scenarios are possible. In order to focus research efforts towards reactor-relevant



scenarios, it is advantageous to define first what kind of future steady-state fusion power plant
scenarios are envisaged. Many aspects play a role in constraining such scenarios and discussing
them all is beyond the scope of this publication. Instead, only two shall be emphasised explicitly
in the form of 0-D arguments [12, 44]: for a given machine with aspect ratio A, there will be some
maximum By max for a given scenario. Since fusion performance scales with Py, ~ 52, it suggests
itself to maximise S ~ Bn/ (Aqos) by reducing ¢os. At the same time, the bootstrap current fraction
Jos scales with B, which in turn depends on By as Bpo1 ~ BnAqos. Evidently, to maximise both
Py and fi,s would require conflicting variations of g¢s. A more in-depth discussion of this discrep-
ancy, also including 1-D modelling, can be found in reference [12]. There, a compromise scenario
is proposed which is characterised by Sn = 3.5, qos = 4.5 and Hog(y,2) ~ 1.2. At AUG, these
parameters define the direction of on-going fusion power plant steady-state scenario development
work.

In addition to scenarios that are potentially relevant for future fusion power plants according to
these parameters, with the powerful current drive capabilities it is also possible to generate others
whose primary appeal is the ability to study interesting plasma physics phenomena rather than
their potential for later exploitation in a power plant.

The next subsection will report on an example of such physics studies, followed by a subsec-
tion reporting on recent scenario development efforts towards reactor-relevant conditions. Finally,
transport studies under these conditions will be presented.

For all these scenarios, the starting point is given by a plasma shape with high wall clearance
that helps to reduce W inflow from main chamber sputtering [22] without significant gas puffing
[28].

An established approach to reaching a modified g-profile is to apply heating early in the dis-
charge during the plasma current ramp up. As the current diffuses inward during this phase, the
initial g-profile has a hollow shape. By early heating, the relaxation of this profile shape into a reg-
ular monotonic profile can be delayed to access various non-standard g-profiles even with limited
current drive capabilities.

This approach has been used successfully in AUG in the past [9, 10]. Now, having access to
sufficient external current drive from both EC and NB sources, AUG does not have to make use
of this approach, which is not only very sensitive to aspects like the timing of the heating but also
difficult to diagnose. Instead, the plasma can be allowed to complete the regular current ramp-

up and the modification of the g-profile is done in a highly controllable manner by subsequent



external current drive.

Of course, for the purpose of studying various scenarios, manipulation of the toroidal current
by means of early heating in the start-up phase remains a perfectly valid approach that is also
used in AUG. The new approach that starts from an equilibrated plasma is more predictable as
the evolution of the discharge after early heating in the current ramp-up phase is highly dependent
on the machine conditions which can vary significantly in tungsten, especially depending on the
distance from the last boronisation.

The results obtained in this manner are set apart from those of other devices in a number
of ways. For instance, results from JET and JT-60U [4-6] showed the relevant conditions only
transiently, whereas in AUG they are achieved stationarily, only limited by technical constraints.
Another major difference to results from DIII-D [7, 8] is that the AUG results have been obtained
despite harsher conditions due to impurities from the full-W walls.

It should be noted that the IMSE diagnostic was still undergoing commissioning during the

studies presented in the following, and has thus not yet been used in the analysis.

A. Advanced Scenarios for Basic Physics Studies

Representative time traces of an example discharge based on an advanced scenario for basic
physics studies are shown in figure 4. With an on-axis toroidal magnetic field of 2.5T and a
toroidal plasma current of 600 kA, the edge safety factor is gos = 7.1. Following an ohmic ramp-
up of the toroidal plasma current, the first neutral beam heating is added just after 1 s. A total
of 3 MW of co-current off-axis ECCD is added at 1.5 s and maintained throughout the discharge,
while a feedback-controlled increase of the total neutral beam heating power towards a target-fy
of ~ 2.2 is performed. The current drive by ECCD and NBCD is facilitated by a low line-averaged
central density of n, ~ 4x10'”m=. With this, it is possible to replace virtually all inductive toroidal
current by non-inductive means. Starting at about 4.0 s, the modelled non-inductive contributions
(c.f. figure 5(e)), i.e. bootstrap current, neutral beam current and EC-driven current sum up to
approximately 600 kA. The diagnosis of complete substitution of the toroidal plasma current by
non-inductive contributions is further supported by a stabilisation of the loop voltage at around
0 V just before 4.0 s as shown in figure 5(d).

Figure 5 shows profiles of ¢ and the toroidal current density, with the latter also including

the modelled non-inductive contributions. Again, these non-inductive current densities add up

10



to virtually the entire toroidal current density. In fact, over large parts of the minor radius, the
measured, reconstructed current density in black and the modelled current densities in colour are
a total match. Only in the very centre, where the plasma remains the warmest and thus retains
the longest resistive time scale, is a noticeable mismatch between reconstruction and model. This
points towards left-over inductive current. Furthermore, no diffusion has been taken into account
for the four ECCD-peaks induced by the four used gyrotrons, which may also play a role in
explaining the remaining mismatch between reconstruction and models.

Overall this makes this scenario a suitable tool for validating non-inductive current models, be
it for bootstrap current or external current drivers [45]. By eliminating one contribution to the total
toroidal plasma current, namely the inductive part, a major unknown is removed from the balance.
It should be noted that in principle the inductive current can be calculated from the time evolution

of the reconstructed equilibrium V., = di/0t and the conductivity of the plasma. However, the

FIG. 4: (a) Heating power. (b) Core electron/ion temperatures, electron density. (c) Snx and loop voltage.

(d) Confinement quality as given by Hog(y, 2). (¢) Composition of toroidal plasma current. (#33379)
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FIG. 5: (a) g-profile and (b) toroidal current density between 5-6 s in #33379. Black curves indicate result
of equilibrium reconstruction. Coloured patches in (b) representing the non-inductive contributions are

calculated through modelling as described in section III with the ohmic contribution being omitted.

uncertainties on this approach are considerable and can easily reach the same order of magnitude
as the toroidal current itself. Moreover, it is highly dependent on the assumptions used to calculate
the equilibrium. Eliminating the inductive current in the experiment altogether sidesteps this issue
and thus removes this potential point of contention. The remaining toroidal current must now be
entirely described by the non-inductive models. This allows fine-tuning these models for correct
application, up to the point where things like slight deviations in the sub-cm range of the external
current driver geometry from the CAD models can be identified.

The uncertainties on g are small since it is an integral quantity and both MSE and POL provide
related integral measurements. In contrast, the uncertainties of the reconstructed toroidal current
density ji are larger due to it being a local quantity rather than an integral one. It is expected that
the inclusion of high-resolution IMSE data will allow to significantly reduce the admittedly large
uncertainties of ji, thereby allowing to verify the respective models to an even finer degree.

When comparing the key performance indicators of this scenario to their envisaged target val-
ues, it becomes apparent that this scenario falls short. In itself it is not suitable as a FPP scenario
as formulated above, i.e. Bx &~ 2.2 is much lower than the target value of 3.5 or above, go5s =~ 7.1 is
well above the target value of 4.5, and the confinement is lacking with Hog(y,2) < 0.9 rather than
1.2. Still, in providing information about current drive models, this scenario can still contribute to
the development of actual FPP scenarios.

In summary, although unsuitable for a future fusion power plant based on the criteria formulated
above, scenarios such as this remain interesting because of their potential for validation and basic

physics studies.
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B. Towards Reactor-Relevant Advanced Scenarios

Efforts to approach the aforementioned reactor-relevant advanced scenario parameters have
also yielded promising results [28]. Representative time traces of such a discharge are shown in
figure 6.

As in the previously presented high-gos example, the tailoring of the current profile again only
begins after the ohmic ramp-up of the toroidal plasma current is completed. Subsequently, NBI
and ECRH heating is applied. The NBI heating power is increased through a feedback control
scheme towards a target-By of 2.7, which is then maintained between 3.5 s and 5.0 s.

In that interval, the discharge shows a better-than-expected confinement time with up to

Hog(y,2) ~ 1.2. Simultaneously, the loop voltage is reduced to near-zero. Moreover, modelling
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FIG. 6: (a) Heating power. (b) Core electron/ion temperatures, electron density. (¢) Sy and loop voltage. (d)

Confinement quality as given by Hog(y, 2). (¢) Composition of toroidal plasma current. Figure reproduced

from [28]. (#32305)
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FIG. 7: Ion heat flux as a function of normalised ion temperature gradient as calculated with the GENE code
at por = 0.4 in the stationary phase of #32305. Shown are the results for slightly higher g for three cases,
electro-static with fast ions, electro-magnetic without fast ions, and electro-magnetic with 20% reduced
fast ion pressure, which is matching the experimentally observed heat fluxes [47]. Figure reproduced from

Nuclear Fusion 58, 016044 (2018). Copyright 2018 International Atomic Energy Agency.

again suggests that large parts of the toroidal plasma current are provided by non-inductive means
as shown in figure 6(e). It has to be noted that the non-inductive fraction fy; is now lower than in
the high-g¢s case introduced above. A further increase in S would help to increase fyr, but is not
possible because this scenario is subject to ideal m/n = 2/1 instabilities above Sy ~ 2.7 [28, 46].
With ggs ~ 5.3 already close to 4.5 and Hog(y,2) ~ 1.2 already at the target value, the ideal
[ limit now becomes the main obstacle towards reaching the desired conditions. It remains to be
shown that it is possible to extend the stability space such that Sy can be increased from 2.7 to 3.5,
which would also be advantageous because an associated increase in the bootstrap current could

also replace the remaining inductive current to reach fully non-inductive conditions.

C. Transport Studies in Reactor-Relevant Advanced Scenarios

The key requirement of any future fusion reactor is sufficient fusion performance. In order to be
able to design future devices and scenarios to deliver this performance, understanding the physics
of plasma transport and confinement is essential. Present theoretical models that are used to ex-
trapolate to future devices must be verified by applying them to current experimental observations,

which was also done with the gos ~ 5.3 case shown above [27, 28].
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FIG. 8: Mode growth rate as calculated by the GENE code (lines) and TGLF code (symbols) in #32305 at
Pror = 0.4. Blue elements show electro-static results without fast ions, black ones electro-magnetic results
without fast ions, while green and red represent electro-static and electro-magnetic results with fast ions,
respectively [47]. Figure reproduced from Nuclear Fusion 58, 016044 (2018). Copyright 2018 International

Atomic Energy Agency.

Specifically, the TGLF code [48, 49] was used to model heat transport in the stationary high-3
phase. It was found that TGLF over-estimates ion heat transport significantly, with normalised ion
temperature gradients being under-predicted by a factor of 2-3 [28].

Motivated by results from nonlinear gyrokinetic modelling of JET discharges [50] with the
GENE code [51-53], the results of TGLF were compared to the results of GENE runs [47]. One
aspect of these comparisons is summarised in figure 7: when including electro-magnetic physics
effects as well as fast ion effects, the ion heat flux predicted by GENE matches the experimentally
observed heat flux (= 2 MW) within the error bars at the observed gradient (a/Ly, = 2.5). In
contrast, at the same gradient, TGLF’s predicted heat flux is more than an order of magnitude
higher, i.e. that its predicted critical gradient is lower by a factor of 2-3 [47].

In order to identify the physics differences in the models of TGLF and GENE, detailed com-
parisons were performed. For example, in figure 8 the linear growth rates calculated by TGLF
and GENE for different physics scopes are shown: electro-static and electro-magnetic, with and
without fast 1ons. In general, it is found that for smaller k,p,, TGLF and GENE produce similar
results. For larger k,p,, differences between the two codes emerge, which are more pronounced in
the electro-magnetic cases, especially when fast ions are considered.

It is to be expected that the quasi-linear/non-linear results of TGLF and GENE differ when

their linear results already exhibit discrepancies. In going forward, it is therefore advisable to first
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resolve these discrepancies before moving on to the later stages of the turbulent evolution.

V. SUMMARY

Multiple accomplishments allow for renewed advanced scenario investigations in the ASDEX
Upgrade tokamak. Following the conversion to a full-tungsten machine, it is now understood how
to access the low collisionality necessary for strong current profile manipulation. This is done
through a combination of early gas puffing during the L-H-transition and only little additional gas
puffing during the discharge, frequent boronisation to condition the plasma-facing components, in
particular the ICRF limiters, and effective use of electron heating through ECRH to excite outward
impurity transport. Moreover, increased wall-clearance is used to reduce the inflow of impurities
from the main chamber. Optional use of RMP coils can further help to reduce the density, thereby
allowing access to even lower v*.

The current drive capabilities of AUG were successively expanded to now 6 MW of EC heating
and current drive power with 2 MW of extra power scheduled to be available by the end of next
year. Together with the two dedicated current drive sources of the NBI heating system as well as
the four tangential sources (i.e. six with 2.5 MW each), currents of the order of >50% of the total
toroidal plasma current can be driven under conditions that approach reactor-relevance.

In order to diagnose the resulting g-profiles, the current profile diagnostics have been improved.
The conventional MSE system is being upgraded to a multi-spectral MSE system that can compen-
sate for broadband polarised background light and is now supported by a two-chord line-integrated
Faraday rotation polarimetry system and a high-resolution imaging MSE system. A newly devel-
oped equilibrium code fuses these data with other measurements while replacing non-physical
regularisation with physics-based constraints by coupling a conventional Grad-Shafranov-solver
to the time-dependent current diffusion equation.

With these powerful tools in place, comprehensive and well-controllable physics studies are
possible. Two examples were presented in this paper. The first is a scenario at gos ~ 7.1 that
achieves virtually fully non-inductive conditions. By eliminating one unknown from the balance
of currents — the inductive current — this approach allows for benchmarking of models that describe
non-inductive currents, e.g. bootstrap current models or neutral beam current drive models. In
contrast, the second example exists at lower gos ~ 5.3, which approaches existing steady state

DEMO scenario proposals. It offers better confinement than the higher g9s example, but does
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so at a reduced non-inductive current fraction, and is limited to Sy = 2.7 by ideal m/n = 2/1
instabilities.

The improved confinement of the second example was modelled using multiple tools. It could
not be reproduced with TGLF, which overestimated the ion heat transport significantly. In order
to identify the cause of the discrepancy, non-linear gyrokinetic studies were performed with the
GENE code. With them, it was possible to reproduce the experimental observation. Detailed
comparisons between TGLF and GENE reveal deviations between the two codes that already
appear in the linear phase of the transport calculations. Key players for this phenomenon include
effects of high S as well as fast ions.

The results show that non-inductive steady-state operation as planned for future FPPs with
full-metal walls is achievable. Moreover, the transport investigation provides further insight into
electromagnetic and fast-ion stabilisation of turbulence, which may help achieve the required con-
finement in future FPPs.

Future studies will focus on multiple aspects. For one thing, in order to achieve the envisaged
conditions of a steady state fusion power plant (By ~ 3.5, g5 = 4.5, Hog(y,2) = 1.2), the stability
limit at Sy = 2.7 must be overcome. To this end, scenarios with anomalous flux pumping [42,
54, 55] will also be investigated. Moreover, to improve predictive capabilities, further studies will
attempt to identify the physics that allows for GENE to reproduce the experimental observation
such that it can be ported into codes like TGLF. Finally, the current drive capabilities will also be
put to use to study various other advanced scenarios in steady state, e.g. discharges with g, > 2
that may be more resilient against the aforementioned stability limit, or discharges with extremely

low density and strong shear-reversal that may strongly affect fast ion confinement.
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