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Abstract:

Recent theoretical results on the properties of turbulent transport of heavy impurities are
briefly reviewed. The results of new experiments on ASDEX Upgrade are reported which
investigate the impact of central wave heating on the avoidance of W accumulation in H-
mode plasmas with dominant neutral beam injection heating. Experiments show that ion
cyclotron and electron cyclotron heating have similar effects on the W behavior when similar
power density profiles are produced with the two wave heating systems. The theory-based
modelling of these experimental results allows the identification of important ingredients
which govern the W transport in the central region in the presence of RF heating, but also
reveals some limitations for fully quantitative predictions, also connected with the neglected
impact of (1,1) MHD activity.

1 Introduction

Heavy impurities, like tungsten (W), are expected to play a critical role in a fusion reactor
plasma. Heavy impurities are transported by both neoclassical and turbulent mechanisms.
Transport models which are used to predict the W density profiles need to include an ad-
equate level of sophistication in order to be realistic and provide a robust understanding

*See the author list of “Overview of the JET results in support to ITER” by X. Litaudon et al. to be
published in Nuclear Fusion Special issue: overview and summary reports from the 26th Fusion Energy
Conference (Kyoto, Japan, 17-22 October 2016)
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of the mechanisms by which W accumulation can be avoided. This is required in order
to assess the possibilities of controlling W accumulation in future devices. Important
elements have been identified in the modelling to obtain predictions which agree with
JET and ASDEX Upgrade (AUG) experimental results [I, 2, 3], in particular connected
with the poloidal inhomogeneity of the W density distribution, which strongly modifies
the neoclassical transport [4] 5] and also non-negligibly affects the turbulent transport [6].
The poloidal inhomogeneity of the W density is produced by centrifugal effects [Il, 3] and
can be also affected by the presence of auxiliary heated minority species with anisotropic
temperatures [7, 2]. The most commonly applied method to avoid W accumulation is the
application of central RF heating [8, 9, [I0]. In this contribution we specifically address
some of the open questions connected with the impact of central heating on the W be-
haviour. In Section 2 we review the results of a gyrokinetic study on the impact of the
electron to ion heat flux ratio on the turbulent transport of the impurities. In Section 3 we
present the results of a new experiment performed at AUG which compares the impact of
central ECH and central ICRH on the W behaviour in a NBI heated plasma in H-mode.
In section 4 the experimental results are modelled in order to shed light on the relative
role of the transport mechanisms governing the W density behaviour. In Section 5 we
draw some general conclusions in view of the extrapolation to future devices, starting
from the results in AUG and JET.

2 Theoretical study of the impact of the electron
heating fraction on turbulent impurity transport

A gyrokinetic study has been performed to elucidate how the turbulent diffusion of im-
purities depends on the electron to ion heat flux ratio Q./Q;, keeping constant the total
heat flux Q. + @; [11]. Nonlinear gyrokinetic simulations with GKW [12] show that the
turbulent diffusion of highly charged impurities can vary by more than one order of mag-
nitude at fixed value of the total turbulent heat flux. Maximum values of the impurity
diffusion are obtained when the turbulence produces comparable levels of electron and ion
heat fluxes, or the electron heat flux is slightly larger than the ion heat flux. The ratio of
the impurity diffusion coefficient to the plasma effective heat conductivity can vary from
minimum values below 0.4 for dominant electron and ion heat fluxes, to maximum values
above 4, when @Q./Q; is between 1.5 and 2. This dependence is also reproduced by cor-
responding linear numerical calculations. An analytical treatment shows that this effect
is a direct consequence of the different energy moments which produce particle and heat
transport in combination with the energy and charge dependencies of the curvature and
grad B drifts. Plasma conditions which maximize particle transport do not correspond
to those which maximize heat transport, as they correspond to different characteristic
real eigenfrequencies. This effect is significantly reinforced for highly charged impurities,
as a consequence of the inverse dependence of the curvature and grad B drift frequency
on the impurity charge. Thereby, turbulent states which are caused by linear instabil-
ities with frequencies which sit between the electron and ion drift frequencies produce
diffusion coefficients of highly charged impurities which are larger than the corresponding
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electron, ion and effective heat conductivities. In contrast, conditions where the electron
or the ion heat fluxes are largely dominant produce impurity diffusion coefficients which
are significantly smaller than the heat conductivities [I1]. At these intermediate turbu-
lence conditions which produce comparable electron and ion heat fluxes, the turbulent
state is often due to the combination of ITG modes and TEM which are dominant or
subdominant in different parts of the linear spectrum. Nonlinear gyrokinetic simulations
with GKW show that in these conditions the turbulent convection of heavy impurities is
produced by the combination of the effects produced by both dominant and subdominant
linear modes [I3]. In conditions in which the dominant linear mode (ITG) produces a
small inward convective flux whereas the subdominant linear mode (TEM) produces a
large outward convection, the nonlinear convective flux turns out to be directed outward,
opposite to the direction of the dominant linear mode, but consistent with a quasi—linear
model which takes into account properly weighted contributions of both dominant and
subdominant modes in the radial fluxes [13].

3 Experimental investigation of the W response to
central ECH and ICRH

A new experiment has been performed in AUG to compare the impact of central ECH
and central ICRH on W transport in otherwise similar conditions. Plasma discharges
of 1 MA and magnetic field around 2.5 T (go5 ~ 4) have been produced at the line
averaged electron density of n, = 7.2 10' m™3, with the current flat top phase in H-
mode, heated by 7.5 MW of constant NBI heating power and by decreasing power steps
of central ECH and ICRH. Time traces of one of the discharges with ICRH power steps
are presented in Fig. 1. With decreasing ICRH power (Fig. 1b), the W concentration
at the center (Fig. 1c) (measured with high temporal resolution by the grazing incidence
spectrometer (GIW)) progressively increases, eventually leading to central accumulation,
as also shown by the corresponding fast increase of the total radiated power (Fig. 1a).
Since the level of central localization of the ICRH power in AUG is relatively limited as
compared to the possibilities of the ECH power, discharges with different power steps
of ECH have been applied with 3 gyrotrons all converging to a deposition close to the
magnetic axis (paep =~ 0.1) as well as with 3 gyrotrons aiming at different radial locations
in order to approximatively reproduce the profile of the deposited power from ICRH
(as obtained by TORIC-SSFPQL [I4] simulations applied to a previous similar plasma).
A comparison of the profiles of the deposited power with localized ECH, with broad
ECH, (computed by TORBEAM [15]) as well as with ICRH (computed with TORIC-
SSFPQL [14]) are presented in Fig. 2. In AUG, ICRH is accompanied by an additional
W source as compared to ECH, which has been recently minimized by using the new
3-strap ICRF antennas [16]. Discharges with ECH power scans have been also performed
with additional W sources, in order to ensure that the different source levels do not affect
the core W transport analysis, which is the main goal of this study. A summary of the
results obtained in a series of 6 shots is presented in Fig. 3, where the ratio of the central
concentration to a peripheral concentration of W (measured by GIW) and averaged over
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Fig. 1. Time traces of AUG shot 3240/ ECH (TORBEAM) [1)] and with ICRH
with decreasing steps of ICRH power (TORIC-SSFPQL) [14]
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the different phases of constant heating power are plotted as a function of the total RF
heating power. While this plot shows a certain level of scatter, it confirms the beneficial
trend of increasing RF heating power to decrease the central W concentration. The most
efficient effect is clearly obtained with localized ECH, whereas broad ECH deposition has
a somewhat weaker effect, comparable with that of central [CRH, which however requires
significantly higher total RF powers in order to obtain flat concentrations of W in the
central region. Since ICRH is delivering both electron and ion heating to the plasma, the
same data points are plotted as a function of the ICRH electron heating power only, as
computed by the TORIC-SSFPQL package [14], and which exhibit a trend very much
consistent with that observed with ECH. A more precise description of the impact of the
RF heating on the W behaviour in the core is obtained by plotting the ratio of central
(r/a = 0.05) to the off-axis(r/a = 0.35) flux—surface—averaged W density (reconstruced
by a SXR W density diagnostic [17]) as a function of the fraction of the electron heating
power absorbed inside that radial window (r/a = 0.25) (computed with power balance
analysis by TRANSP). The results are presented in Figs. 4 and 5. In Fig. 4, points
are sampled by type of heating (localized ECH, broad ECH and ICRH). We observe that
different types of heating produce comparable effects (ICRH being slightly more efficient
at the same fraction of electron heating power, but not at total injected RF power). The
good inverse correlation found between the W peaking and the electron heating fraction
with both ECH and ICRH suggests that, at least in these conditions, with a background
of 7.5 MW of NBI, the increase of the electron heating fraction produced by the additional
RF heating is the main cause of the flattening of the W density profile. This observation is
qualitatively consistent with the theoretical result of the impact of Q./Q; on the impurity
turbulent diffusion, presented in Section 2. We also observe that centrally hollow W
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density profiles are only obtained with the highest fractions of electron heating, achieved
by localized ECH. Since MHD activity is observed to impact the shape of the W density
profile in the core [I8, 19], in Fig. 5 points are also sampled by type of MHD activity.
We observe that localized electron heating (that is, largest values of Q./Qyy) correlates
with the presence of a slow (low frequency) 1/1 mode, in replacement or in addition to
the more regular fast 1/1 mode. We find that all of the cases which develop a centrally
hollow W density profile also exhibit a slow 1/1 mode, suggesting that the presence of
this mode is important for the development of the central hollowness, consistent with the
results of [I8] 19].
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4 Modelling of the experimental results

The drift-kinetic code NEO [20] and the gyro—kinetic code [12] are applied to model the
experimental results, aiming to identify the ingredients which are required to reproduce
the experimental trends. A representative set of 12 heating phases from the experimental
database presented in Section 3 is selected, out of which 5 are with auxiliary ICRH and 7
are with auxiliary ECH. Fig. 6 shows a comparison of the neoclassical results at r/a = 0.25
obtained neglecting (open symbols) and including (full symbols) the poloidal asymmetries,
plotted as a function of the experimentally applied RF heating power. Different symbols
show different types of heating, as reported in the legend. For the ICRH cases, we also
show results which include the poloidal asymmetry produced by centrifugal effects only,
and neglect the impact of the H minority (crosses '+’). We observe that the neoclassical
ratio Dy /x; (Fig. 6b) is strongly increased by the centrifugal effects, consistent with
previous studies [I], 2, 3]. We also observe that the impact of H minority is non-negligible
in the cases with highest ICRH power, leading to a reduction of the parameter Dy /x;,
as a consequence of the reduction of the W LFS localization [4]. The inclusion of poloidal
asymmetry also modifies the W convection (Fig. 6a), leading to inward convection in the
majority of cases, consistent with previous analyses [4, 3], The impact of the H minority
leads to a reversal of the convection from inward (negative) to outward (positive) for the
cases with highest ICRH power, also consistent with previous results [4] 2].
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We introduce a simplified model for W transport in the central region of the plasma,
where the turbulent convection of W is neglected with respect to the neoclassical convec-

tion
RI Dy R
v (Dneo + t—bXeff)
Xeft LnW

+ Vneo~

nw
In the framework of this model, using the neoclassical results of NEO, we test whether
a constant ratio of Dyy.p/xer delivers results which are consistent with the experimental
observations. Fig. 7(a) demonstrates that no choice of a constant Dy,,;/x is consistent
with all of the data from low to high electron heat fraction (shown in shadowed-colored
symbols). This suggests that only a variation of the turbulent ratio Dy,,/x; as a function
of the electron heating fraction can explain the results, in support to the theoretical
results presented in Section 2 [I1]. By utilizing a polynomial fit of the theoretical results
of Dyurp/Xerr as a function of Q./Q; [11], we obtain the results presented in Fig. 7(b),
which are more consistent with the experimental trend as compared to any assumed value
of constant Dy,,/x. When the actual turbulent transport results (computed by GKW
linear runs at a single representative wave number k,p; = 0.4) are taken into account in
the prediction of the W density, along the modelling approach described in [I], 2, 3], the
results (Fig. 8) reproduce the experimental trends, although, particularly for the ECH
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cases at high power, the central hollowness is not reproduced. The cases with ICRH
are well reproduced by the modelling, where the inclusion of the H minority has a non—
negligible effect. The poor level of agreement for the ECH cases with largest electron heat
flux fraction reveals the most important limitations of this modelling. The results confirm
that the observed central hollowness of the W density profiles in the presence of central
ECH is not reproduced by transport models which assume axisymmetric equilibria and
support the hypothesis of the relevance of (1,1) MHD activity [19]. An additional problem
is related to the difficulty of producing turbulent transport simulations which match the
experimental electron to ion heat flux ratio in the innermost region and therefore produce
the correct ratio of the W diffusion to heat conductivity. The level of disagreement on the
electron to ion heat flux ratio which has been obtained by these single wave number linear
gyrokinetic calculations with the nominal (measured) temperature and density profiles is
shown in Fig. 9. Additional linear and nonlinear simulations are being performed to
investigate these aspects, as well as the potential role of subdominant modes in these
experimental conditions. In addition, ETG modes are also found unstable by GKW
linear calculations, and the actual fraction of electron heat flux which is produced at
the large and intermediate scales which are relevant for W transport is difficult to assess
quantitatively.

5 Conclusions

A gyrokinetic study shows that the ratio of the turbulent diffusivity to the heat con-
ductvity is a sensitive function of the electron to ion heat flux ratio Q./Q; and reaches
maximum values when @), ~ 1.5Q; [11]. In these conditions linearly unstable subdominant
modes can significantly impact the turbulent convection [I3]. Experiments in AUG show
that central ECH and central ICRH applied to NBI heated H-mode plasmas have similar
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effects on the W behaviour when they produce comparable fractions of electron heat flux.
The modelling reveals that the dependence of the ratio of the diffusion to heat conduction
Dw /x on the electron to ion heat flux ratio is an important element in order to obtain
the same trend as observed in these experiments. The impact of ICRH H minority is
also found to be non—negligible in the modelling. The observed central hollow W density
profiles in the presence of centrally localized high ECH power is not reproduced by the
modelling. The central hollowness can be due to the presence of (1,1) MHD modes [18,19],
which are neglected in the modelling. These experiments in AUG, and the corresponding
modelling, confirm that, in the presence of strong central electron heating, neoclassical
impurity convection can be efficiently contrasted by turbulent diffusion. With increasing
size of the device and increasing plasma current, and consequent increasing confinement,
the achievement of higher temperatures at the same densities and the larger magnetic field
lead to a reduced neoclassical transport with respect to the turbulent transport, which
is favorable for the control of heavy impurity accumulation. This trend is confirmed by
actual neoclassical transport calculations combined with power balance analyses of a se-
lection of AUG and JET plasmas [13]. This suggests that the capability of offsetting the
neoclassical convection by turbulent diffusion will require lower levels of central heating
power per particle in devices like ITER and DEMO as compared to present devices like
AUG [13].
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