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Abstract

Hybrid scenarios in present machines are often characterized by improved confinement
compared with the IPB98(y,2) empirical scaling law expectations. This work concentrates on
isolating the impact of increased s /g at outer radii (where s is the magnetic shear) on core
confinement in low-triangularity JET and ASDEX Upgrade (AUG) experiments. This is
carried out by predictive heat and particle transport modelling using the integrated modelling
code CRONOS coupled to the GLF23 turbulent transport model. For both machines, discharge
pairs were analysed displaying similar pedestal confinement yet significant differences in core
confinement. From these comparisons, it is found that s /g shaping at outer radii may be
responsible for up to ~50% of the relative core confinement improvement observed in these
specific discharges. This relative improvement is independent of the degree of rotational shear
turbulence suppression assumed in the GLF23 model. However, employing the full GLF23
rotational shear model leads to an overprediction of the ion temperatures in all discharges
analysed. Additional mechanisms for core confinement improvement are discussed and
estimated. Further linear threshold analysis with QuaLiKiz is carried out on both pairs of
discharges. This work aims to validate recent predictions of the ITER hybrid scenario also
employing CRONOS/GLF23, where a high level of confinement and resultant fusion power

sensitivity to the s/q profile was found.

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

1. Introduction

Over the past decade, an attractive operating scenario for the
ITER tokamak has emerged, combining long discharge times

6 See the appendix of F Romanelli et al 2010 Proc. 23rd IAEA Fusion Energy
Conf. (Daejeon, Korea).

0741-3335/12/065008+19$33.00

similar to the steady-state scenario, while maintaining the
reliability of the reference H-mode scenario. This so-called
‘hybrid’ scenario aims to maximize neutron fluence per shot
by achieving an extended burn time (f > 1000s in ITER)
together with significant «-particle heating (Q > 5) [1].
The extended burn time is achieved by operation at reduced
current and at a higher non-inductive current fraction compared
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with the reference H-mode scenario. The basis for this
scenario has been established at DIII-D [2], AUG (‘improved
H-modes’) [3], JET [4], JT-60 [5] and NSTX [6].

In present tokamaks, the hybrid scenario is characterized
by a g-profile tailored to form a broad region of low magnetic
shear, with g typically close to unity. Operation at a Sy higher
than in standard H-mode discharges is allowed by either a total
avoidance of deleterious NTM triggering sawteeth (¢ > 1
everywhere) or by having sawteeth small or frequent enough
such that the By limit for NTM triggering is significantly raised
compared with standard H-mode discharges. These discharges
frequently display improved confinement compared with the
IPB98(y,2) empirical scaling law expectations, with Hog in the
range 1-1.5. Hog = T4,/ TipRo3(y,2), Where 7y, is the thermal
confinement time and tipRog(y,2) the empirical scaling law
confinement time introduced in [7]. Assuming the same Hog
factor as in present experiments, this performance extrapolates
favourably in ITER, beyond the minimum Q = 5 ITER hybrid
scenario requirement [8—10]. It is clearly of great importance
to understand the source of improved confinement in present
machines, to reliably extrapolate the scenario to ITER.

A number of possibilities explaining the confinement
improvement have been proposed. One possibility is that the
confinement dependence on f is not as strong as suggested by
the IPB98(y,2) B9 scaling. The IPB98(y,2) scaling law was
developed with discharges primarily in the range fn = 1-2,
lower than most hybrid discharges. Thus, if the 8 dependence
would be in reality weaker, then the high Bx hybrid scenarios
would display significantly higher confinement than expected
from the IPB98(y,2) scaling. Indeed, a weaker B scaling
than IPB98(y,2) has been found in dedicated experiments in
DIII-D and JET [11, 12]. Furthermore, pedestal confinement
improvement due to an increase in pedestal width with By is
reported in AUG improved H-modes [13, 14]. However, in
more recent experiments at JET, the By confinement scaling
has been observed to depend on triangularity [15]. Low
triangularity discharges display a weak Bn dependence, while
high triangularity discharges display a strong edge confinement
degradation with By in accordance with the IPB98(y,2)
scaling.

Improved core confinement is seen in DIII-D hybrids
and ‘late-heating’ AUG improved H-mode discharges,
with electromagnetic gyrokinetic calculations showing that
B-stabilization may be responsible for the core confinement
improvement [14]. Rotation is seen to play an important role in
improved confinement. Variable torque experiments at DIII-D
by simultaneous application of co- and counter-beams led to
a decrease in Hog from 1.5 to 1.1 in the extreme low rotation
case (central M ~ 0.15) [16]. However, this Hqg factor is
still as high as in high rotation conventional H-mode plasmas.
This shows that further factors are also responsible for core
confinement improvement in hybrid scenarios, since the hybrid
scenario at low rotation should exhibit a higher Hog factor
than standard H-mode scenarios at low rotation. The precise
mechanism of rotational shear core confinement improvement
is also currently under investigation. Observations at JET point
to the combination of low magnetic shear and high rotational
shear leading to significantly reduced ion temperature profile

stiffness [17,18]. This is in opposition to the instability
threshold offset observed in non-linear simulations and
reproduced in reduced models such as GLF23 [19], which
describe well the effect of rotation particularly for DIII-D [16].
Finally, the characteristic hybrid scenario g-profile shape—
a central broad region of low magnetic shear, and increased
magnetic shear towards the edge—may further contribute
to improved confinement through a relative increase in s/q
at outer radii, leading to an increase in the ITG threshold.
This can be seen from the ITG threshold linear gyrokinetic
analytical expression, in the flat density limit [20]:

(R/Lz),, = g(l +T/T.) (1 +2§1) ,
with R/L, < 2(1+T,/T,). (1)

A similar dependence in the collisionless, flat density
limit with both passing and trapped electrons was reported
in modelling carried out with the Kinezero linear gyrokinetic
code [21]. For s > 0 and for 7;/T. = 1, the best fit of R/Ly,
following parameter scans in s and g was found as [22]

(R/Lz).., =2(1.1+1.4s+1.93>. 2

Similar s/q dependence has also been observed in electron
heat transport experiments on Tore Supra [23, 24].

This work concentrates on isolating the impact of varying
s /q atouter radii on core confinement in low-triangularity JET
and AUG hybrid scenario experiments. For each machine, a
pair of shots has been chosen which display a similar level
of pedestal confinement yet a significant difference in core
confinement. For each pair, the improved confinement case is
correlated with a higher average s /g parameter. The aim of this
work is to assess whether the predicted threshold improvement
due to g-profile shaping is consistent with the observations.
This is carried out by predictive heat and particle transport
modelling using the integrated modelling code CRONOS [25]
coupled to the GLF23 turbulent transport model [19,26].
Successful validation of the GLF23 g-profile scaling has
been carried out on DIII-D discharges at fixed magnetic
shear [27]. The GLF23 modelling is supplemented by linear
instability threshold calculations with the linear gyrokinetic
code QuaLiKiz [28], based on the Kinezero code. One of the
driving motivations of this work is to validate recent predictions
of the ITER hybrid scenario also employing CRONOS/GLF23,
where a high level of fusion power sensitivity to the s/q
profile was found, even for relatively modest improvements
in H98 [29]

This paper is organized as follows: the experimental
discharges are described in section 2, the modelling tools
and techniques in section 3, the GLF23 modelling results
in section 4, additional mechanisms for core confinement
improvement are discussed in section 5, the QuaLiKiz results
in section 6, and the discussion and conclusions in section 7.

2. Experimental discharges

For both machines, discharge pairs were analysed displaying
similar pedestal confinement yet significant differences in core
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Figure 1. Temporal evolution of total plasma current (upper row), total auxilliary heating power P,,x = Pyg1 + Picru (centre row) and Hog
confinement factor (lower row) for the JET pair 79626/79630 (left panels) and AUG pair 20993/20995 (right panels).

confinement. A variation in g-profile was experimentally
achieved in each pair. For the JET pair (79626/79630), this
variation was achieved via the ‘current-overshoot’” method
[10,30]. With this method, the current is ramped down to its
flattop value just prior to the main heating phase, resulting in
a broader g-profile compared with a regular ramp-up scenario.
For the AUG pair (20993/20995), the g-profile variation was
achieved by varying the auxiliary heating timing, with the later
heating case resulting in a broader g-profile [31]. Apart from
the above-mentioned variations, all other control parameters
(e.g. shaping, fueling, total heating power, PINI configuration)
are kept the same between the discharges of each pair. The
total flattop Payx for the JET case is ~17 MW, all from NBI.
For the ASDEX case, flattop Pyyx &~ 8 MW, with 5 MW from
NBI and 3 MW from ICRH to reduce central tungsten impurity
concentration. Temporal evolution of the total plasma current,
heating power and confinement factor Hog for each pair can be
seen in figure 1.

The vertical lines in the plots enclose the periods during
which the kinetic profiles are averaged for analysis: 6.14—
6.64 s for JET 79626, 7.14-7.64 s for JET 79630 and 5.25—
5.75 s for both ASDEX discharges. The periods differ for JET
due to the different heating scheme timings. Furthermore,
it is during these periods that the pedestal confinement is
similar for the two discharges. Following this period, the
pedestal confinement in 79626 decays in time, contributing
significantly to the observed reduction in Hog on a timescale

significantly shorter than the current diffusion timescale. This
behaviour is not a regular feature of JET hybrids with current
overshoot at either low or high triangularity. For example,
figure 1 in [10] illustrates improved confinement maintained
throughout the flattop phase of a JET hybrid scenario discharge.
We reiterate that the main purpose of this work is to isolate
and validate the expected s/g impact on core confinement by
comparing discharges in periods where they display similar
pedestal confinement yet observed differences in both g-profile
and core confinement. This is what is achieved by comparing
the averaged kinetic profiles of the discharges within the above-
mentioned time windows.

The degree of similarity of the pedestal confinement can
be assessed by comparing the thermal By at the location of
the GLF23 boundary conditions: x = 0.83 for the JET pair
and 0.76 for the AUG pair. The values are 0.99/0.94 for
JET 79626/79630, and 1.11/0.98 for AUG 20995/20993. The
impact that these differences have on the core confinement
is discussed in section 5.4, where core profile stiffness is
assumed. Note that while the boundary condition values are
related to the height of the edge transport barrier (pedestal), the
correlation is not direct since the boundary condition locations
for the GLF23 modelling do not coincide with the pedestal top.
Particularly for the AUG simulations, the boundary condition is
limited by the outermost data point of the 7; diagnostic, and no
data on the actual T; pedestal height is available. In principle,
there may be differences in core confinement between the
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Table 1. 0D quantities for all discharges analysed in this paper. Quantities are averaged over 7.14-7.64 s and 6.14-6.64 s for JET 79630 and

79626, respectively, and 5.25-5.75 s for AUG 20993 and 20995.

Br I, BN Bn MHD

Shot Ty MA)  Wa)  (Waa/Wmna)  (s/q)  Zexr  Hog  activity

JET 79630 2 1.7 1.9 2.6 0.79 1.97 1.13 Fishbones

JET 79626 2 1.7 2.1 2.8 094 176 1.26 Fishbones

AUG 20993 24 1 1.4 1.9 0.69 242 098 Weak 3/2 NTM

AUG 20995 24 1 1.7 2.3 0.84 235 1.2  Fishbones

1 ‘ ‘ ‘ ‘
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Figure 2. 5/q profiles (left panel) and toroidal rotation profiles (right panel) for all discharges analysed in this paper.

actual pedestal top and the boundary condition taken for the
GLF23 modelling. Thus we cannot relate with full certainty
the differences in the GLF23 boundary condition values to
differences in pedestal confinement.

All GLF23 analyses in this paper take background kinetic
profiles and boundary conditions from the averaged periods
defined above. Details of 0D quantities averaged over these
periods can be found in table 1. (s/q) is defined as the
volume averaged s/g between x = 0.4-0.8, where x is the
normalized toroidal flux coordinate. The average is carried
out from x = 0.4, since for x < 0.4 the magnetic shear
is low (s < 0.6) and the short wavelength approximation
within which equation (1) is derived may no longer hold.
The averaging procedure is up to x = 0.8, the approximate
location of the GLF23 boundary conditions. All discharges
have fishbone activity, and are devoid of NTMs in the temporal
periods studied, apart from AUG 20993, which has a 3/2 NTM
in the vicinity of x = 0.5. The potential polluting effect of
this mode on the isolation of the s/g impact on confinement
for the AUG pair is examined in section 5.

The s /g and rotation profiles used throughout this analysis
can be seen in figure 2, and the g-profiles themselves in
figure 3. For each pair of discharges, the interpretative
q-profiles are compared with the measured g-profiles obtained
by MSE constrained equilibrium reconstruction. By
interpretative g-profiles, we mean g-profiles predicted by
CRONOS through solving the current diffusion equation with
prescribed temperatures and densities (from measurement),
and calculated current drive sources. For the JET case, the
experimental and interpretative g-profiles agree to within 10%
for x 2 0.35. For x < 0.35 the interpretative g-profiles

have significantly lower values than the measured g-profiles.
This discrepancy is limited to a region comprising only ~10%
of the plasma volume, and thus plays a minor role in the
determination of total core confinement, which is the central
point of this work. It was thus decided to use the interpretative
JET g-profiles for the GLF23 transport modelling in this work,
since it was deemed that the current diffusion model could
capture with higher fidelity than the measurements the subtle
effect of current overshoot on the g-profile. The discrepancy
for x < 0.35 may be due to MHD activity redistributing the
current, clamping the g-profile to 1, as reported in [32-35].
The discrepancy within x = 0.35 is consistent with the
lack of observed sawteeth in the JET pair. However, in
principle ¢ < 1 is a necessary but not sufficient condition
for sawteeth. The sawtooth trigger can also depend on the
magnetic shear at the inversion radius, the location of the
inversion radius and the fast ion distribution function. Thus
it is possible that no sawteeth are present in spite of g < 1 for
these specific discharges. All JET interpretative simulations
started at 2 s—early enough in the ramp-up phase such that
the sensitivity of the g-profiles at the time of interest for the
predictive simulations to the initial prescribed g-profiles is
negligible. The initial prescribed g-profiles corresponded to
a quadratic current profile constrained to satisfy /; from EFIT
reconstruction.

In the AUG pair, the interpretative g-profiles significantly
departs from the measured g-profiles within a much greater
bulk of the plasma volume compared with the JET pair.
Such discrepancies between interpretative and measured
q-profiles was also seen in previous AUG improved H-mode
modelling [36]. This increased discrepancy may be due to
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Figure 3. Comparison of interpretative and experimental g-profiles for the JET discharges (left panel) and for the AUG discharges

(right panel).

a higher degree of current redistributed by MHD activity.
It was thus decided to use the measured g-profiles for the
GLF23 modelling for the AUG cases, since it is possible that
neoclassical diffusion cannot account for the precise g-profile
shape in the AUG case even at higher radii.

Regarding ¢g-profile measurement errors, the MSE
measurement error for the AUG g-profiles is ~10%. For
the JET g-profiles, the modelled values are sensitive to the
measured (Z.g), Zeg profile shape, and bootstrap current
calculations. A thorough assessment of the g-profile
sensitivity to the modelling assumptions has not been carried
out for this work, apart from a Z.s sensitivity check shown
in section 4. However, both for the AUG and JET cases, the
proximity of the shots (each pair was carried out in the same
experimental session) means that it is likely that any systematic
errors are the same for both discharges in each pair. Since we
are concerned with differences in the g-profiles, this increases
the reliability of the results. Nevertheless, it is indeed possible
that the error in the difference between the g-profiles in each
pair is of the order of the difference itself. This important
caveat underlines this entire work.

The rotation profiles for the JET case are similar. For
the AUG case, the 20993 (lower confinement) case has a
significantly flatter rotation profile in the low magnetic shear
region x < 0.4. It is possible that this flatter rotation profile is
due to the magnetic braking induced by the 3/2 mode present
in shot 20993.

A representative overview of the kinetic profile data and
fit quality for all discharges analysed in this paper can be seen
in figure 4 for single timeslices. Spline fits were carried out
for each timeslice. The fit order (typically cubic or quartic)
and break-points (typically near the pedestal if at all) varied
between the different profiles. Note that the standard % lx=0
constraint on the profiles was not applied by the fitting routine
used for this work. This constraint does not fundamentally
change the profile shape in the region of interest for comparison
with the GLF23 modelling (x ~ 0.3-0.8). JET T; was
measured by a combination of core and edge charge-exchange
(CXFM and CXSE) diagnostics. The CXSE is vital for
determining the approximate equivalence of the 7; pedestal top

values between the pair. However, the finite radial extension
of the diagnostic does not allow the full resolution of the
pedestal T; profile. JET T, was measured by both ECE and
high resolution Thomson scattering (HRTS). The spline fit used
both datasets on an equal footing. This is not ideal since the
datasets are not fully mutually consistent. However, since the
pedestal region (which will serve as the modelling boundary
condition) is only resolved by HRTS, the choice of carrying
out a combined data fit has no impact on the modelling results.
Nevertheless, the lack of full agreement between the HRTS
and ECE measurements should be maintained as a caveat
when comparing the 7, modelling results with the fits from
the experimental data. JET n. was measured by HRTS.

For AUG, T; was measured by CX. T, was measured by
ECE. n. was measured by a combination of interferometry
and lithium beam spectroscopy, and the data combined with
the integrated data analysis (IDA) approach [37].

For comparison of the kinetic profiles with the GLF23
predictions, the profiles were averaged for 0.5s during the
time windows displayed in figure 1. This is more than an
energy confinement time for both machines. This averaging
also significantly reduces the RMS error of the data points,
to below 2% for example for both the JET and AUG T; and
Vior measurements. The boundary conditions for the GLF23
simulations were also taken from this averaging. From this
averaging we can also analyse R/ L7, to determine the location
and robustness of the R/Ly, differences between the shots of
each pair. This canbe seenin figure 5. These curves were made
by time averaging the 7; spline fits made at each timeslice.
R/Ly, is calculated with respect to the average flux surface
minor radius on the midplane, r = (Row — Rin)/2. The
error from the scatter in these fits is 10% for the JET data,
and 15% for the AUG data. We can see that the JET R/Ly,
differences are localized to the region x = 0.6-0.8, while
the AUG R/L7y, differences are localized from x = 0.25-0.7
(where x = 0.25 is the approximate location of the innermost
reliable 7; datapoint). While the error bars lead to overlap over
much of the R/ L, profiles, the errors are not independent. The
scattering of one specific data point creates an opposing change
in R/L7, on either side of the position of that point. This fact
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Figure 5. R/L, profiles for JET 79626/30 (left panel) and AUG 20993/95 (right panel), for T; profiles averaged over 0.5s.

increases the robustness of the observed R/ L, differences and
locations.

Finally, we compare the ratios of these experimental
R/L7y, profiles with the predicted analytical R/ Ly, ratios from
equation (1), displayed in figure 6. We note that the R/L,
ratios of all discharges are low enough to satisfy the flat density
profile approximation—R /L, < 2(1 + 7T;/T.). This can be
seen in figure 7, where the R/L, values of the JET discharges
(calculated with respect to r = R,y — Rjp) are compared with
2(1 + T;/T.). The constraint is satisfied to an even higher

degree in the ASDEX pair, since the collisionality is higher
and thus the density peaking reduced. In figure 6 we also
include analytical R/L, ratios also assuming constant 7;/ T,
to separate the effect of s/q and T;/T.. Qualitatively the
analytical and experimental ratios show the following similar
features: in the JET case, the maximum observed difference
for x > 0.5 is predicted by equation (1), with no predicted
difference (as in the observations) in the region of x = 0.4;
for AUG, the increasing difference from 0.75 in towards the
core is also predicted by equation (1). However, the observed
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Figure 7. Comparison of R/L,, and 2(1 + T;/T.) in the JET pair of
discharges for ascertaining the validity of the flat density limit
applied in equation (1).

difference in the AUG case for x < 0.5, the low magnetic shear
region (s < 0.6), is not predicted. The 7;/ T, component has a
minor influence on the predicted R /Ly, differences, as can be
seen by comparing the curves with and without constant 7;/ T.
The differences between the analytical and experimental ratios
can be either due to additional physics setting the transport,
beyond ITG linear threshold physics, and/or due to the errors in
the g-profiles identified with each discharge. Nevertheless, the
correlations which are observed are encouraging with regard
to isolating s/q as a significant factor in the observed core
confinement differences within each pair of discharges. These
analytical results are corroborated by numerical predictions
by both GLF23 and QuaLiKiz, as outlined in the following
sections.

3. Modelling tools and techniques

The core of CRONOS is a 1.5D transport solver, whereby 1D
current diffusion, particle and energy equations are solved

up to the separatrix, self-consistently with 2D magnetic
equilibrium [25]. In this work, the NBI heat and current
sources are calculated by NEMO/SPOT [38,39]. The
ICRH heat sources for the AUG discharges are calculated
with PION [40]. The magnetic equilibrium is calculated
with HELENA [41]. The neoclassical transport, bootstrap
current, and neoclassical resistivity is calculated with
NCLASS [42]. Turbulent transport is calculated with the
GLF23 model [19,26]. The fast particle profiles calculated
by NEMO/SPOT and PION for NBI and ICRH are subtracted
from the ion density profiles entered into GLF23. The
calculated fast particle fractions for both the JET/AUG
simulations successfully account for the observed differences
in BN (Waia/ Winna) and Bn(Wa).

For the JET simulations, GLF23 is employed within the
region x = 0-0.83. For the AUG simulations, GLF23 is
employed within the region x = 0-0.76. The simulations
are carried out on the energy confinement timescale until the
kinetic profiles reach stationary conditions. The background
profiles and scalar quantities for the simulations are averaged
over the time periods displayed in figure 1. Both heat
transport only simulations (with prescribed density profiles
for measurement) and combined heat and particle transport
simulations are carried out. As mentioned in section 2, the
JET input g-profiles are taken from CRONOS interpretative
runs (current diffusion only simulations), and the AUG
q-profile inputs from MSE measurements. For each discharge,
comparison simulations were carried out substituting the
q-profile input with the g-profile from the other member of
each pair. The magnetic shear is then recalculated by CRONOS
in a self-consistent manner. In such a manner GLF23 predicts
the confinement difference solely due to the changed values
of the g-profile and magnetic shear. Further linear threshold
analysis examining the effect of s/q is also carried out with
the quasilinear gyrokinetic transport model QuaLiKiz [28].

4. Results: GLF23 g-profile substitution simulations

In this section we isolate the degree of improved confinement
which stems from the differences in g-profile between the two
discharges in each pair, as according to the GLF23 model.
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Figure 8. Results of combined heat and particle transport GLF23 simulations for JET 79630 and 79626. Predicted and observed Py
profiles are compared with (right panel) and without (left panel) the inclusion of the full GLF23 E x B turbulence suppression model.

A comparison of full simulations with GLF23 of each separate
discharge shows a similar degree of improvement in core
confinement as observed. This is particularly the case for
the JET discharges, as seen in figure 8, where the predicted
total pressure is compared with the observations. Both with
and without the GLF23 E x B turbulence suppression model
(as specified by the ag«p parameter) the degree of predicted
stored energy in 79626 is higher than that predicted for
79630 by a ratio comparable to the experimental observation.
However, the main point of this work is to determine whether
increased s/q in the outer radii of the improved confinement
discharges is a significant factor responsible for the improved
confinement through the increase in ITG linear thresholds. To
this end, simulations for either JET 79630 or AUG 20995 were
carried out substituting the g-profile of each simulation with
the g-profile corresponding to the partner discharge in each
pair. The comparison of simulations with differing g-profile
inputs is the central point of this work. The details of these
simulations are outlined in the following sections.

4.1. JET heat transport only

Figure 9 shows the 7; and T predictions for JET 79630. These
simulations include heat transport only. Runs were carried out
both with and without the GLF23 E x B turbulence suppression
model. 79630 simulations with the substituted g-profile from
79626 (the improved confinement case) are also shown.

The inclusion of E x B suppression leads to overprediction
of 7;. This overprediction is also seen in JETTO [43]
simulations of the same discharge, verifying that this
observation is not an artefact of the CRONOS/GLF23
methodology used in this work. However, independently of
the degree of prescribed E x B suppression, the g-profile
substitution leads to a degree of 7; increase comparable
to the experimentally observed difference between the two
discharges. A more quantitative analysis of these differences,
and of all subsequent simulations discussed below, can be
found in the tables in section 4.5.

4.2. AUG heat transport only

The AUG simulations display a similar pattern to the
JET simulations: simulations with the 20995 (improved
confinement case) g-profile display improved ion confinement
compared with a simulation which is identical apart from
substituting in the 20993 g-profile. Inclusion of the £ x B
suppression model leads to 7; overprediction for both cases.
This can be seen in figure 10. In the AUG 20993 case the
general degree of T; overprediction is more severe. However,
regardless of the E x B suppression assumption, the g-profile
substitution leads to a 7; difference qualitatively consistent
with experimental observations.

4.3. JET combined heat and particle transport

In figure 11, the results of combined heat and particle
transport simulations for JET 79630 are shown. The pattern
remains similar to the heat transport only cases, although the
primary effect of global confinement improvement following
the g-profile substitution is now in the particle channel. R/L,
isincreased atx = 0.4 up until the GLF23 boundary condition
at x = 0.83, while R/L, is decreased for x < 0.4. Compared
with the heat transport only case, the 7; profile increase is
reduced when switching to the 79626 g-profile. This is due
to the increased transport predicted by GLF23 due to the
increased density gradients at x > 0.4, interpreted as the
destabilization of TEM modes due to the propagation of the
mode in the electron diamagnetic direction.

4.4. AUG combined heat and particle transport

The AUG heat and particle transport simulations show similar
results to the JET heat and particle transport case. The AUG
20995 simulations are displayed in figure 12. For the AUG
case, the degree of improved particle transport is consistent
with observation, although when E x B suppression is included
the n. profiles are significantly higher than the measured
values.
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Figure 9. Results of heat transport only GLF23 simulations for JET 79630, comparing g-profile inputs from both 79630 and 79626. T;
profiles are on the left column. T profiles are on the right column. Results with both no E x B suppression (top row) and full £ x B

suppression (bottom row) are shown.

4.5. Summary of GLF23 runs

In tables 2 and 3, the simulation results are summarized in
terms of the predicted core thermal energy content: W o =
% )(;“(Pth(x) — Pu(xpe))J dx. Py, is the thermal pressure.
Xp 18 taken at the GLF23 operational zone boundary at x =
0.83/0.76 for JET/AUG. J is the Jacobian corresponding to
the volume element. The tables summarize—according to
GLF23—the extent of the s/q effect alone in explaining the
core confinement differences between each pair, both including
and excluding E x B shear stabilization.

In spite of the absolute core energy content overprediction
when including E x B shear stabilization, the degree of
change when substituting the g-profile is maintained both
with and without £ x B shear stabilization. The degree
of change also remains the same when including particle
transport, due to the aforementioned increase in heat transport
when increasing the density gradients. Taking the average
of the GLF23 simulated core energy content for all runs,
we obtain a ratio for 1.105 for the JET runs, and 1.17 for
the AUG runs. This corresponds to the s/q effect alone
contributing to 60% of the core confinement difference for
the JET pair, and 35% of the core confinement difference
in the AUG pair, according to GLF23. In section 5 we
discuss other possible contributions to the core energy content
differences.

4.6. Sensitivity of JET results to choice of Zegr and dpyxp

The Z. taken for the JET simulations had an assumed form
of Zegr n;0'4, and was normalized such that the line average
(Ztr) agrees with bremsstrahlung measurements. However,
as seen in figure 13, this assumption does not agree with Zg
profiles calculated from carbon concentration measurements
carried out by recombination charge-exchange spectroscopy
(CX).Forx > 0.8, where no CX measurements were available,
an assumed near constant CX Zg profile was prescribed.

The sensitivity of the calculated g-profile to Z.s was
examined by repeating the interpretative run for 79630 with
alternative Z. profiles based on the discrepancy between
the Bremsstrahlung and CX measurements. Since the CX
measurements were only available following application of
the neutral beam injection, neither precise information on
the Z. profile shape in the early phase of the discharge
nor an alternative value of (Z.¢) was available. Therefore,
we tested the sensitivity by simply assuming a Z. profile
identical to the CX profile from figure 13, and reducing
(Zg) in the interpretative run by a constant factor ~1.3,
typical of the discrepancy between the bremsstrahlung and CX
measurements.

The impact of using the CX Z.g profile in the GLF23
simulations was also examined. Both the 79630 heat transport
only and combined heat and particle transport simulations were
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Figure 10. Results of heat transport only GLF23 simulations for AUG 20995, comparing g-profile inputs from both 20995 and 20993. T;
profiles are in the left column. 7, profiles are in the right column. Results with both no £ x B suppression (top row) and full £ x B

suppression (bottom row) are shown.

repeated using CX Z.g profiles averaged over the 7.14-7.64 s
time window. Finally, the same simulations were repeated
when reducing the GLF23 ag.p parameter to 1. The heat
transport only results are seen in figure 14, and the combined
heat and particle transport results in figure 15.

The g-profile sensitivity to the Z. profile, within the
range studied, is small. However, the variation of the
T; predictions when switching to the CX measured Z
profile is not negligible, and is primarily due to reduced
dilution. When combined with switching to agxp = 1,
the ion temperature overprediction, while still apparent, is
significantly diminished.  This more minor level of T;
overprediction is consistent with GLF23 results reported
in [44], where both CX Z. profiles and agxp = 1 were
employed. Also in the combined heat and particle transport
case, the degree of averaged n. overprediction is reduced when
switching to the CX Z.g profile, although the profile peaking
still remains well above the experimentally observed value. We
reiterate that the relative differences due to the s /g effect—the
central point of this work—are invariant to the choice of Z.g
and o ExB-

4.7. Discussion of GLF23 E x B suppresion model

The absolute W, values are significantly overpredicted
when including E x B shear suppression in the GLF23

10

model. It is difficult to determine whether this overprediction
is due to a deficiency in the E x B suppression model,
or due to an intrinsic overprediction of the underlying
instability thresholds. ~We note that GLF23 simulations
for high triangularity JET hybrids also display a similar
T; overprediction as seen in this work [45]. However, in
previous work, the JET hybrid discharge 58323 was shown
to be satisfactorily predicted by GLF23 [46], even when
including E x B suppression. Similar satisfactory predictions
of JET hybrid discharges have also been reported previously
[47]. A simulation of discharge 58323 was repeated with
the same CRONOS/GLF23 methodology performed in this
work, and the previous result was indeed recovered. However,
additional simulations taking into account the uncertainties in
Z.tr, combined with the resultant differences in the modelled
g-profile, also led to 7; overpredictions as seen here. For
other JET discharges analysed in [46], numerous examples
of significant 7; deviations can be seen in figure 4 of that
paper. Also in this work, the degree of overprediction—while
still significant—is reduced when using the Z.g profile from
charge-exchange measurements as shown in section 4.6.
These results highlight the modelling sensitivity to the
input parameters, which helps explain the scatter in the
literature with regard to the degree of predicted GLF23 T;
overprediction. We also note that in recent TGLF [48]
modelling of DIII-D hybrid discharges [49], T; was reported
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Figure 11. Results of combined heat and particle transport GLF23 simulations for JET 79630, comparing g-profile inputs from both 79630
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E x B suppression (top row) and full £ x B suppression (bottom row) are shown.

to be significantly underpredicted when not employing E x B
suppression. However, the ion energy transport was reported
to be reduced to neoclassical levels, while the neoclassical
transport was taken from a modified Chang—Hinton model.
This model yields diffusivities larger than that calculated by
first-principle methods such as by the NCLASS [42] model
employed in this work. This may lead to more pessimistic T;
predictions. Further validation of the various transport models
on discharges from different machines, while employing the
same modelling methodology to reduce scatter induced by
different modelling assumptions, would be highly beneficial.
With regard to potential explanations for a deficiency in
the GLF23 E x B suppression model, we note that discharges
considered here are highly NBI-driven discharges, with a
relatively high degree of rotational shear. It has been shown
that due to parallel velocity shear the efficiency of E x B shear
in decreasing transport decreases at high rotation [S0-52]. This
may be relevant also for the increased gos hybrid discharges.
At higher ¢, the parallel (to the field line) component of the
toroidal velocity is increased. While parallel velocity shear
destabilization is included in GLF23, the destabilization effect
is minor for the rotation velocities considered here. This is
seen by comparing JET 79630 GLF23 T; predictions (with
heat transport only), for cases where the E x B suppression
model is not included (¢gxp = 0), and where the toroidal
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velocity itself is set to zero (Vi = 0). The difference between
the predictions corresponds to the parallel velocity shear
destabilization, which in this case only reduces the T; profile by
~2%. However, it would be worthwhile to reexamine the effect
of parallel velocity gradient destabilization with gyrokinetic
codes at experimentally relevant levels of turbulent fluxes for
improved transport model verification.

Recent results at JET show that the effect of rotational
shearinincreasing R/ L, (due to decreased stiffness) is located
only in the low magnetic shear region, in our case x <
0.4 [17, 18]. However, this is inconsistent with the main effect
of including GLF23 E x B suppression in our simulations,
which increases R/Ly primarily in the high magnetic shear
region x > 0.5. Additionally, other recent JET results show
that R/L, in x > 0.5 does not vary with the NB/IC heating
mix, at constant total power, even if the rotation profiles vary
significantly [53]. This is corroborated by previous analysis of
an AUG improved H-mode discharge [36], where core R/L7,
was not observed to increase following a significant increase
in NBI power during the discharge, which led to increased
rotation. Furthermore, analysis of the same discharge with the
Weiland model [54] predicted no significant improvement in
core confinement due to rotation.

A further uncertainty in the modelling of the E x B shear
is the contribution of the poloidal rotation. We have neglected



Plasma Phys. Control. Fusion 54 (2012) 065008

J Citrin et al

With ocExB=O With ocExB=O
7 7 8
— — — EXP 20993 — — — EXP 20993
61\ — — — EXP20995 6 — — — EXP 20995 7
\ CRONOS q20995 =~ CRONOS 20995
5 \ CRONOS q20993 5~ CRONOS 20993 _ 6
(30
— = ' 5
= 4 E 4 E
=, —_ ‘_o 4
- 3 —° 3 hanh
o 3
2 < 2 ol — — — EXP20993 \
SN — — — EXP 20995
1 N 1 1 CRONOS 20995
CRONOS 20993
0 0 0
0 02 04 06 08 1 0 02 04 06 08 1 0 02 04 06 08 1
X X X
. With ocExB=1 .35 . With ocExB=1 .35 With ocExB=1 .35
— — — EXP 20993 — — — EXP 20993
61\ — — — EXP20995 6 — — — EXP 20995
\ CRONOS q20995 S CRONOS 20995
5 \ CRONOS q20993 5~ CRONOS 20993
-
— |
< > S
E 4 g 4 °
3 - 3 2
c® \
2 N 2 — — — EXP 20993 |
SN 2 — — — EXP 20995 |
1 N N 1 CRONOS 20995
CRONOS 20993
0 0 0
0 02 04 06 08 1 0 02 04 06 08 1 0O 02 04 06 08 1
X X X
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Table 2. Core thermal energy following GLF23 predictions for JET hybrids. Units are (MJ).

Heat transport

Heat and particle

EXP NoExB WithExB NoExB WithE xB
79630 (q30) 1.67 1.71 2.37 1.71 2.68
79630 (q26) 197 1.9 2.62 1.83 3.03
Ratio 1.17  1.11 1.11 1.07 1.13

Table 3. Core thermal energy following GLF23 predictions for AUG hybrids. Units are (MJ).

Heat transport Heat and particle
EXP NoExB WithExB NoExB WithE xB
20995 (q93) 0.2 0.249 0.367 0.255 0.371
20995 (q95) 0.294 0.293 0.421 0.3 0.429
Ratio 1.47 1.18 1.15 1.18 1.16

the neoclassical poloidal rotation in our calculation of the
radial electric field, as it is negligible compared with the NBI-
driven toroidal rotation. However, measurements in DIII-D
QH-mode discharges show a discrepancy in both magnitude
and sign of impurity poloidal rotation velocities compared
with the neoclassical expectation [55]. At JET, measurements
have shown poloidal rotation velocities greater than the
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neoclassical expectation in the vicinity of internal transport
barriers, while the measurements and neoclassical predictions
agree outside of the ITB region [56]. In measurements
at MAST, no significant disagreement between the poloidal
rotation neoclassical prediction and measurements was found,
although it has been suggested that at low aspect ratio the
neoclassical damping of poloidal rotation may be stronger
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compared with at high aspect ratio [57]. There is still no
clear consensus regarding the conditions necessary for the
onset of non-neoclassical poloidal rotation and its degree of
magnitude when existent. However, in light of these previous
results it is possible that the discharges considered in this
work may contain non-negligible anomalous poloidal rotation.
No measurements are available in these specific discharges to
shed light on this question. Nevertheless, anomalous poloidal
rotation could reduce the magnitude of the radial electric field,
reducing the degree of £ x B turbulence suppression, partly
explaining the discrepancy observed in the simulations.

The question of how to model and predict the effect of
rotation on transport is thus still an open one. Nevertheless,
the central point of this work is to verify the relative effect of
the g-profile in leading to the difference in W,y between the
two shots within each pair. This effect is independent of the
E x B turbulence suppression model.

5. Additional contributions to core confinement
differences

In this section we explore possibilities—other than the
s/q effect—for explaining the observed differences in core
confinement for both the JET and AUG pairs.

5.1. Density profiles

For the heat transport only simulations, the prescribed density
profile may have an effect on the predicted core confinement.
This may be due to both the inherent different stored energy
content, and also the R/L, parametrization of the predicted
transport. In figure 16 a comparison of AUG 20995 heat
transport simulations prescribing both the 20995 and 20993
density profiles is displayed. This sensitivity test was carried
out for AUG since the 7 difference for the AUG pair is greater
than the JET pair: 6% as opposed to 3%.
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The resulting difference in W, is a negligible <1%
increase when prescribing the 20993 n. profile as opposed
to the 20995 profile, for the no E x B suppression case. The
increase in 7;. compensates for the decreased n.; profiles.
For the full £ x B suppression case, prescribing the 20993 n,
profile led to a 6% decrease in W q.. The discrepancy between
the two cases can be traced to the flat temperature profiles in the
20995 n. case located at x = 0.4. This is an artefact of GLF23
modelling, where typically above a certain R/L, threshold
the sensitivity of the transport to R/L,, increases considerably.
Evidently the 20995 R/ L, is at that threshold around x = 0.4.
However, these TEM modes, which leads to a flat temperature
profile in the region of x = 0.4 in the agxp = O case, are
stabilized by the E x B suppression model when g p = 1.35.
Thus the flat temperature profile in the x = 0.4 region in the
ogxp = 0 case is not evident in the g« g = 1.35 case.

5.2. Zegr

Sensitivity of the transport to Z.g is examined for the JET
pair, which displays a greater difference in measured (Z.s)
compared with the AUG case: 12% as opposed to 3%. The
improved confinement discharge has lower (Z.) in both pairs.
In figure 17 two separate JET 79630 simulations are compared,
with the differing Z.g profiles. The simulations include both
particle and heat transport, and no E x B suppression is
included in these simulations. The results show that the
sensitivity is small but not entirely negligible: the 79626
Z.sr case has an increased Weoe by 4% compared with the
79630 Z.¢ case, which is also in the correct direction of the
experimentally observed improvement.

5.3. Heat and particle sources

Simulations which compare the effect of substituting only the
heat and particle source profiles were carried out, to test the
sensitivity of the predicted core energy content on the precise
source profiles. This was done by re-running the combined
heat and particle transport simulation of 79630 with the 79626
g-profile, and replacing the heat and particle sources in the
simulation with those calculated in the 79626 interpretative
simulation. However, due to the highly stiff nature of the
GLF23 model, the predicted changes in W, following such
substitutions were completely negligible (<1%).

5.4. GLF23 boundary conditions

The largest part of the observed difference in confinement
between each pair of discharges is from the core. However, the
differences in the values of the kinetic profiles at the GLF23
boundary conditions—x = 0.83 for the JET pair and x = 0.76
for the AUG pair—can still play a significant role. To test the
impact of the boundary condition on the core confinement, we
first note that from the definition of the gradientlength 1 /Ly =
S we can obtain T(r) = T(roc)exp(f, 1/Ly(r)dr),
where we have taken a temperature gradient fength for this
example, and r,. is the boundary condition radius. If we
then assume that the inverse gradient lengths of the kinetic
profiles would be maintained following slight changes in
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Figure 15. Results of combined heat and particle transport GLF23 simulations for JET 79630, testing the sensitivity of the results to Z.s
and the o p parameter. Progressive results for 7; (left panel), 7. (centre panel) and 7. (right panel) are shown where the experimental
profile is compared with the original 79630 simulation with bremsstrahlung Z.; and oy = 1.35, a simulation where the g-profile is
substituted with the g-profile obtained with lowered Z.¢ profiles, additionally reducing Z. itself in the predictive simulation to the CX
measured Z. profile, and finally additionally switching the oz g parameter to 1.

the boundary condition values, then the modification of the ~30% of the perceived core confinement difference. For the

kinetic profiles following a change in the boundary conditions AUG case, setting the 20993 experimental kinetic profiles

can be calculated by a simple multiplication of each profile to the 20995 boundary conditions showed that ~25% of the

corresponding to the change in each respective boundary perceived core confinement difference may be due to the

condition value. In such a case, the effect of these boundary boundary conditions.

conditions on the core confinement can be easily examined. We

can recalc;ulate the .exp.erimental Weore by simply multiplying 5.5. NTM effect

the experimental kinetic profiles by factors corresponding to

the ratios of the boundary conditions between the discharges =~ While the pair of JET discharges do not have any NTMs within

in each pair. This assumption was tested with GLF23 the temporal period of analysis, AUG 20993 (the lowered

simulations, and was found to be adequate. confinement case) has a low amplitude 3/2 NTM located in
The 79630 experimental kinetic profiles were multipliedto  the vicinity of x = 0.5, in accordance with the location of

match the 79626 boundary conditions, and W recalculated. ¢ = 1.5 [31]. It is possible that the effect of this NTM on

The recalculated W, Was 5% higher than the original W ... the kinetic profiles can explain part of the 40% difference in

Thus, the boundary conditions alone may be responsible for W, for the AUG pair which remains after taking into account

14
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Figure 16. Comparison of AUG 20995 heat transport simulation with GLF23, with different prescribed n. profiles. The dashed lines
correspond to T, and the solid lines to 7;. The prescribed n. profiles are seen in the left panel, the temperature profiles without £ x B
suppresion in the centre panel, and the temperature profiles with full £ x B suppresion in the right panel.
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Figure 17. Comparison of JET 79630 combined particle and heat transport simulation with GLF23, without E x B suppression. The
dashed lines correspond to simulations with Z.g from 79630, and the solid lines to Z.¢ from 79626. The prescribed Z.g profiles are seen in
the left panel, the density profiles in the centre panel, and the temperature profiles in the right panel.

the s/q effect and the boundary condition effect. While
it is difficult to precisely measure the impact of this NTM
on confinement, we estimate the maximum possible impact
of NTM as follows. The experimental 7, of the two AUG
discharges are compared (figure 18), where the 20995 profile
is normalized to have the same boundary condition as 20993
at x = 0.76. We can see that the 7, differences following the
normalization are indeed localized to the region x < 0.5, in
line with a possible relation to the NTM activity. The ratio
between the profiles is also seen in figure 18. To estimate
the effect of the NTM on the total Wy, we make a strong
assumption that these 7, differences are fully due to the NTM,
and not due to the differing g-profile and rotation profiles. We
can then assess the potential impact of the NTM on W,y by
multiplying all kinetic profiles (7j ., ni.) of discharge 20993
by the ratio seen in the right panel of figure 18 for x < 0.5, and
then recalculate W,oe. This led to a W, increase of 20993 of
17% of the total difference between 20993 and 20995. We can
thus conclude that while the NTM may have a non-negligible
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impact on core confinement, the impact is not large enough to
fully explain the remaining 40% difference.

5.6. Predictions in the low magnetic shear region

In figure 19 we compare the predicted R/ Ly, profiles from the
GLF23 simulations with the observed values, for both pairs of
discharges. The results shown are from simulations including
heat transport only, and the results both with and without
E x B suppression are shown. The absolute predictions—
particularly when including £ x B suppression—deviate
from the observations. However, the relative predictions—
when substituting the g-profile—approximately agree with the
observations in the region x > 0.4.

In the JET case, the location of the R/Ly differences
when substituting the g-profile agrees with the location of
the s/q differences, as seen in figure 2. The location of
these differences also fully agrees with the observations. For
the AUG pair, this is also the case for x > 0.4, but the
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Figure 18. Comparison of AUG 20993 and 20995 T, profiles, with the 20995 profile normalized to the 20993 GLF23 boundary condition at
x = 0.76. The T, profiles themselves are seen in the left panel, and the ratio between the profiles in the right panel.

observed differences in R/Lyz; within the region x < 0.4 are
not predicted by GLF23. This region corresponds to the low
magnetic shear region (s < 0.6). Note that in the agpxp = 0
AUG case, the dip of R/L7, at around x = 0.4 is due to the
density gradient exceeding a threshold beyond which transport
is considerably increased in GLF23. When replacing the
density profiles with the 20993 profiles, this dip is not seen, but
therelative differences in R /L 7; when substituting the g-profile
are maintained. When including E x B shear in the AUG case,
the predicted R/ Ly, differences slightly increase inthe x = 0.4
region. This is due to the difference in rotation profiles, also
seen in figure 2. However, this is still insufficient to explain
the observed R/ Ly, differences for x < 0.4, which contributes
to the observed W, difference between AUG 20993/20995.
A further proportion of the W difference in the AUG pair
thus comes from the low magnetic shear region, a difference
which is not predicted by GLF23.

6. QuaLiKiz linear threshold analysis

Additional analysis was carried out for both the JET and AUG
cases with QuaLiKiz, where we assess the sensitivity of the
instability linear thresholds to the g-profile, at the locations
x = 0.35,0.45,0.55,0.65, 0.75. This was carried out by a
QuaLiKiz R/L7, scan, to identify the linear threshold. The
QuaLiKiz calculations took as input the parameters for 79630
for the JET pair, and 20995 for the AUG pair. The simulation at
each radial point was then repeated after replacing ¢ and s with
the values from 79626 and 20993, respectively. The results
are seen in figure 20. The QuaLiKiz results are compared
with the experimental R/ L7, calculated with respect to a radial
coordinate defined as (Rj, + Rou)/2, where Rj,on are the
radii to the high-field and low-field side flux surfaces on the
midplane. R/L7, was kept at the observed ratio to R/Lr,
throughout the QuaLiKiz R/Ly scans.

While the predicted relative differences in R/Lyz, are
recovered following the g-profile substitution—particularly
for JET—the absolute values for x > 0.5 are overpredicted.
However, both QuaLiKiz and GLF23 utilize s — o geometry,
only correct in a circular small inverse aspect ratio limit.
Shaped geometry can have a significant impact on the linear
threshold calculation. A parametrization of this effect has been
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obtained from an extensive study of ETG linear thresholds from
linear gyrokinetic calculations, which included shaping [58].
The study assumed adiabatic ions. The obtained (from
fitting) ETG linear threshold formula is thus isomorphic to
the ITG case assuming adiabatic electrons, which we rewrite
as follows:

(R/Lz). = max {(1 +T/To) <1.33 + 1.913q> (1—1.5¢)

x[1 +0.36(dK/dE)],O.8R/Ln} 3)
where € = r/R and « is the elongation. Equation (3) is very
similar to equation (1) apart from the increased weight of s /¢,
and the geometrical terms. These terms are of more importance
at higher radii.

We estimate the effect of shaped geometry by multiplying
the QuaLiKiz calculated R/Ly, by the geometrical term (1 —
1.5¢) x [l + 0.3¢(d«/de)] from equation (3). The results
are seen in figure 21. The predicted and observed R/Ly; are
now reconciled for x > 0.5, particularly for the JET cases.
The measured R/Lz, at x < 0.5 remain far from threshold.
However, this is consistent with observations in JET plasmas
with high rotational shear, where R/L7, at greater radii have
been measured to be tied close to the linear threshold, while
at lower radii (low magnetic shear) the profile stiffness can be
significantly reduced [17].

We note that agreement between the QuaLiKiz predictions
and the measured R/L7, for x > 0.5 can be improved to the
same degree as seen in figure 21 by simply setting as input
the experimental gradients with respect to Ry as opposed
to (Rin + Roy)/2. This may reflect the following physics: at
high magnetic shear—characteristic of hybrid scenarios for
x > 0.5—the ITG modes are more strongly ballooned to
the low-field side due to the increased ion Landau damping.
We speculate here that in such situations, it may thus be
more appropriate to input experimental gradients defined with
R = Ry into the model, i.e. the gradient in the region where
the mode is most unstable. This topic, as well as profile
stiffness at low magnetic shear, is currently under investigation
as part of the ongoing development of the QuaLiKiz transport
model.
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Figure 19. Comparison of R/L7 GLF23 predictions following g-profile substitution. Results are shown for the JET pair (left column) and
the AUG pair (right column) both with (upper row) and without (lower row) the inclusion of E x B suppresion.
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Figure 20. Comparison of R/L7 QuaLiKiz predictions following g-profile substitution. Results are shown for the JET pair (left panel) and

the AUG pair (right panel).

In summary, QuaLiKiz linear threshold calculations
following g-profile substitution show that the s/¢ differences
between each pair of discharges is responsible for a significant
degree of the observed R/Ly differences. This is in
corroboration with the GLF23 results. However, the
significant overprediction of R/Ly for x > 0.5 may be a
symptom of the well-known limitation of applying s — «
geometry in shaped plasmas. An estimation of the shaping
effect, utilizing previous linear gyrokinetic calculations which
included shaping, led to a reconciliation between the predicted
and observed R/Ly, values for x > 0.5, particularly in the JET
case. This is consistent with the observation that even with no
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E x B shear included (¢gxp = 0), also the GLF23 model
overpredicts R/Lyz, for x > 0.5 as seen in figure 17.

7. Conclusions

7.1. JET 79630/79626 q-profile substitution

A significant proportion of the core confinement difference
between the JET hybrid scenarios analysed here is due to an
increase in the ITG threshold due to improved g-profile shaping
in the high magnetic shear region, at x > 0.4, according to
GLF23. A proportion of ~60% of the observed improvement
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Figure 21. Comparison of R/L7 QuaLiKiz predictions following g-profile substitution. Results are shown for the JET pair (left panel) and
the AUG pair (right panel). The QuaLiKiz predictions here have been multiplied by the geometrical factor from equation (3) to estimate the

effect of shaping on the linear thresholds.

in core is predicted through g-profile substitution alone. In
the heat transport simulations, differences in R/Ly; are in the
JET case only observed in the high magnetic shear region
(x > 0.4) and are correlated with differences in s/g. This
relative difference in W, is independent of the inclusion of
the E x B suppression model in GLF23. In the combined heat
and particle simulations, the primary channel of confinement
improvement is n.. The majority of the remaining 40% of
core confinement difference can be linked to the differences in
GLF23 boundary conditions at x = 0.83. Slight differences
in n. and Z.¢ between the shots can account for the remaining
proportion.

7.2. AUG 20995/20993 q-profile substitution

In the AUG hybrid scenarios analysed, approximately ~60%
of the observed W, difference can be accounted for by a
combination of the s/g effect (35%) and the difference in
boundary conditions (~25%). Again, this is independent of
the £ x B suppression model. It has been estimated that the
NTM in 20933 may be responsible for up to a further ~20% of
the difference. As in the JET case, the improvement due to the
s/q effect is predicted to be primarily in the particle channel
when including particle transport in GLF23. The observed
R/Ly, differences occur both in the low- and high-magnetic
shear regions within x = 0.2-0.6. The R/Ly, difference in
the high-shear region is correlated with a difference in s/q.
However, the difference in the low-shear region cannot be
explained by s/q effects, according to GLF23. Due to the
difference in rotational shear for x < 0.4 between the two
discharges in the AUG case (see figure 2), it may be possible
that reduced stiffness in the low-shear region (not predicted by
the stiff GLF23) may account for a further proportion of core
confinement difference, as also observed in JET [17, 18]. It
is possible that the low amplitude NTM present in 20993 at
around x = 0.5 is responsible for a slight local difference in
observed R/Ly, in the x = 0.5 region. However, the NTM
cannot explain the observed differences in R /Ly, for x < 0.4.
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7.3. GLF23 E x B suppression model Wqoe overprediction

The overprediction of W in GLF23 when including the full
E x B suppression model opens up questions regarding the
appropriate value of a g p for use in GLF23, accuracy of Z.s
for modelling input, accuracy of the GLF23 parallel velocity
shear destabilization model, the mechanism of E x B shear
suppression (threshold shift versus stiffness reduction), and
the possible role of anomalous poloidal rotation. However,
in addition the intrinsic linear thresholds are overpredicted by
the GLF23 s — o model. Finite aspect ratio and elongation
effects reduce the predicted linear thresholds. This then would
reduce the degree of apparent overprediction from the £ x B
model. However, the critical point is that the degree of core
confinement improvement due to s/q is independent of both
shaping effects and the value of agxp. Our conclusions that
derive from g-profile shaping effects are thus independent
of the above-mentioned modelling uncertainties, while these
results simultaneously underline the challenges raised by these
same uncertainties.

7.4. Final conclusions

The majority of the Wy, differences can be satisfactorily
predicted regardless of the £ x B model, and the s/q profile
plays a significant role in these predictions. These GLF23
predictions are also corroborated by R/L7, threshold analysis
using QuaLiKiz. A general caveat is that the relatively
low magnitude of the experimentally observed and calculated
differences in both R /L7, and the g-profile demands that these
conclusions be treated with caution. The small magnitude of
the effect—a Hog increase of up to ~0.1 due to s/g only—
hinders the experimental isolation of the s/g impact which
can be in general be easily masked by competing effects
and experimental error. Nevertheless, the results obtained
here are consistent with the theoretically expected impact
of g-profile shaping on core confinement through threshold
increase at outer radii and provides an encouraging validation
in this regard. In ITER operational scenario studies, such Hog
improvements of up to ~0.1 due to g-profile shaping have in
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fact been shown to have a significant impact on the projected
fusion power in the ITER hybrid scenario [29]. Validation
of these ITER predictions made with GLF23 was the initial
driving motivation for this work. Further g-profile shaping
experiments aiming for larger differences would be extremely
helpful for continued study of the g-profile impact on transport.
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