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Abstract. A comparison of the impact of additional central electron cyclotron
resonance heating (ECRH) and ion cyclotron resonance heating (ICRH) on the
behaviour of the tungsten (W) density in the core of H-mode plasmas heated with
neutral beam injection (NBI) is performed in ASDEX Upgrade. Both localized and
broad profiles of the power density of the ECRH have been obtained, where broad
profiles reproduce the profile shape of the ICRH power density, which is applied with
a hydrogen minority heating scheme. In contrast to ECRH, which produces direct
electron heating only, ICRH eventually heats both electrons and ions in almost equal
fractions. It is found that both additional RF heating systems reduce the peaking
of the W density profile with increasing central RF heating power. Approximately
the same values of W density peaking are obtained when the same values of electron
heating are produced by the two RF heating systems, which implies that less total
heating power is required with ECRH than with ICRH to reduce the W density
peaking. A related modelling activity shows that an important ingredient to explain
the experimentally observed trend is the variation of the turbulent W diffusion as a
function of the electron to ion heat flux ratio. Additional effects are connected with the
more favorable W neoclassical transport convection in the presence of ICRH, produced
by the combination of stronger central ion temperature gradients and the impact of
the H minority on the W poloidal density asymmetry.
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1. Introduction

Heavy impurities are expected to play a critical role in a fusion reactor plasma, not only
because tungsten (W, Z = 74, A = 184) is currently considered as a first wall material,
but also because highly charged impurities are planned to be seeded in order to radiate
part of the heating power in the plasma periphery and reduce the power loads directly
reaching the walls. Thereby, robust methods by which the impurity concentration and
the shape of the impurity density profile can be kept under control have to be identified.
These are determined by the combination of the effects of the peripheral sources and the
transport from the scrape-off-layer to the plasma core. Central radio frequency (RF)
heating has been identified as a reliable method to limit the central concentration of
heavy impurities [1-9]. Since the behaviour and the profile shapes of heavy impurities
are determined by both turbulent [10-23] and neoclassical transport [25-30], and are also
affected by the presence of magneto-hydrodynamic (MHD) instabilities [6,31-35], the
physics behind the reduction of the central peaking of the W density produced by central
RF heating can be expected to involve a certain level of complexity, in which multiple
effects are combined. Central RF heating not only modifies the temperature, density
and rotation profiles of the main plasma, but can also directly modify the impurity
transport. Central accumulation (that is, a W density profile centrally more peaked
than the electron density profile) is produced by the dominance of neoclassical transport
in the unfavourable conditions of inward neoclassical convection (pinch) [1,2,33,36-44].
Turbulent transport is not predicted to lead to strong central accumulation (e.g. [13])
and thereby an increase of turbulent impurity transport can offset the neoclassical
pinch. Finally, central RF heating can modify the characteristics of MHD instabilities,
particularly at the q = 1 surface, with impact on the impurity behavior [6,31,32,34].
Here we report the results obtained in an experiment at ASDEX Upgrade (AUG) in
which plasma discharges have been performed in order to compare the impact of central
electron cyclotron resonance heating (ECRH) and ion cyclotron resonance heating
(ICRH), where the latter is applied with a H-minority heating scheme. Decreasing
steps of RF heating power have been added to a background of neutral beam injection
(NBI) heating power during the current flat—top phase of the plasma discharges, with the
plasma in the H-mode confinement regime. Both localized and broad power deposition
profiles of the ECRH have been produced, where the broad profile reproduces the power
deposition profile shape produced by central ICRH. The experimental results confirm
the beneficial role of central RF heating in reducing the central peaking of the W density,
consistent with previous studies. In addition they allow a direct comparison of the two
RF heating methods and reveal that comparable effects on the W density are produced
when similar amounts of additional electron heating are delivered to the plasma. This
observation implies that, at least in these conditions with a background of large NBI
heating, ECRH is more efficient in reducing the peaking of the W density, since it
delivers all of the power to the electrons, whereas, with the heating scheme applied in
these experiments, ICRH also has a fraction of the power which heats the ions. The
critical role of electron heating in flattening the central density profile of heavy impurities
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revealed by these experiments appears to be consistent with previous results at JET [4],
where nickel (Ni) density profiles were observed to be flat with central ICRH in mode
conversion, producing dominant electron heating, and peaked with central ICRH in He?
minority heating scheme, producing dominant ion heating, although also with different
power deposition profiles. Moreover, higher values of the central diffusion coefficient of
silicon (Si) were measured in ASDEX Upgrade with central ECRH in comparison to
central ICRH [2], although also in this case the power deposition profiles of ECRH were
more centrally localized than those of ICRH.

In order to identify the transport mechanisms which can explain the new
observations reported in this paper, power density profiles of ECRH and ICRH have been
computed with the codes TORBEAM [45] and TORIC-SSFPQL [46], and complete
power balance calculations have been obtained with TRANSP [47]. In addition,
experimentally reconstructed profiles of the W density are compared with the predictions
obtained by combining the results of codes which separately compute neoclassical
and turbulent transport, drift—kinetic NEO [48-50] and gyro—kinetic GKW [51, 52]
respectively. The modelling activity is particularly devoted to identify reasons which can
at least partly explain the observed positive role of electron heating produced by the RF
heating systems. We also note that these codes have been run assuming axisymmetric
geometry, that is in the absence of any perturbation of the confining magnetic field
produced by MHD modes.

In Section 2 the experiment is described and the experimental results are presented.
In section 3 the observations are modelled in order to shed light on the relative role of
the transport mechanisms governing the W density behaviour. Finally in Section 4
conclusions are drawn.

2. Experimental investigation of the W response to central ECRH and
ICRH

In order to compare the impact of central ECRH 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 in ASDEX Upgrade at the line averaged electron density of
ne = 7.2 10 m=3, with the current flat top phase in the H-mode confinement regime,
heated by 7.5 MW of constant NBI heating power and by decreasing power steps of
central ECRH (from 1.9 MW to 0.2 MW) and ICRH (from 3.6 MW to 0.2 MW). ICRH
is applied with a H-minority heating scheme, with a H concentration around 5%, with
both the 2-straps antenna with boron coated limiters and the 3-straps antenna with
tungsten coated limiters [53]. 3 gyrotrons at 140 GHz [54] have been used for ECRH.
Intermediate power steps of ECRH are obtained by modulation of the power at the high
frequency of 150 Hz and with 50% duty cycle for each gyrotron. Time traces of two
discharges with decreasing power steps of ICRH and ECRH are presented in Fig. 1 and
Fig. 2 respectively. With decreasing RF power (Figs. 1b and 2b), the W concentration
at the center (Figs. 1lc and 2c) (obtained from a fit of the spectrum around 5nm
measured on a single central line-of-sight by the grazing incidence spectrometer (GIW))
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Figure 1. Time traces of AUG shot £32404 with decreasing steps of ICRH power,
total NBI and radiated powers (a), total ECH and ICRH powers (b), W concentration
cw = nw/ne at p ~ 0.1 and p ~ 0.5 (¢), ELM frequency and line averaged density
(d), normalized 8 and total stored energy (e).
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Figure 2. Time traces of AUG shot £32408 with decreasing steps of ECRH power,
total NBI and radiated powers (a), total ECH and ICRH powers (b), W concentration
ew = nw/ne at p ~ 0.1 and p ~ 0.5 (c), ELM frequency and line averaged density
(d), normalized 8 and total stored energy (e).



A comparison of the impact of central ECRH and central ICRH on the tungsten behaviour in ASDEX Up

progressively increases, eventually leading to central accumulation, as also shown by the
corresponding fast increase of the total radiated power (Figs. la and 2a). The level of
gas puff, by which the ELM frequency can be regulated and the W concentration at
the pedestal top can be limited, is kept to low values in these discharges, and sudden
uncontrolled W accumulation is observed in the presence of NBI heating only (usual in
ASDEX Upgrade H-modes at high plasma currents [3]).

An interesting observation is that, during the power steps with relatively low levels
of RF heating, the W behaviour can reach stationary conditions with a W density profile
which is significantly more peaked than the electron density profile. Thereby, strictly
speaking, W accumulation is observed, but this does not lead to an uncontrolled process
of increasing accumulation, which instead suddenly takes place in conditions of NBI only
heating, as shown for instance in Figs. 1 and 2. This property is illustrated in Fig. 3
where the time evolutions of the flux—surface—averaged W density profiles (reconstructed
by a SXR W density diagnostic [55]) are plotted as a function of normalized minor radius
r/a and time during high (a,d) and low (b,e) additional RF power phases of the two
discharges with additional ICRH (a,b) and ECRH (d,f), whose time traces were already
presented in Figs. 1 and 2 respectively. In Fig. 3 (a,b,d,e), the oscillations of the W
density are produced by sawteeth. In Fig. 3(c,e), the time averaged W density profiles
are compared to the corresponding electron density profiles. The profiles are normalized
to their values at r/a = 0.4 (that is, all of the normalized profiles cross 1 at r/a = 0.4).
Fig. 3(c,e) demonstrate that in phases with high RF power no accumulation takes place,
whereas in phases with low RF power, stationary conditions are achieved which exhibit
significant W accumulation.

Since in AUG the ICRH power deposition profiles are relatively broad as compared
to the possibilities of the ECRH power, discharges with decreasing power steps of ECRH
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 [46] simulations applied to a previous similar plasma).
A comparison of the profiles of the deposited power with localized ECRH, with broad
ECRH, (computed by TORBEAM [45]) as well as with ICRH (computed with TORIC—
SSFPQL [46]) are presented in Fig. 4. We also observe that, in comparison with the
RF power profiles, the power density and heat flux profiles produced by NBI (computed
with TRANSP [47]) are much broader than the corresponding profiles produced by the
RF heating systems (4 a,b). However, considering the actual levels of the heat fluxes
in MW (4 c¢), in the central region the NBI heat flux is comparable to that of broad
ECRH at the maximum power step (1.9 MW), whereas the ICRH heat flux profile at
the maximum power step of 3.4 MW is closer to that obtained with localized ECRH at
1.9 MW. In these discharges, in almost the totality of the heating phases, sawteeth are
present, with sawtooth periods of the order of 100 ms and sawtooth inversion radius
usually located between r/a = 0.3 and r/a = 0.35. In the analysis we consider profiles
which are averaged over time windows of about 500 ms, which contain multiple sawtooth
cycles and which provide averaged profiles over the sawtooth oscillations. We observe
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Figure 3. Time evolution of the SXR—evaluated W density profiles with ICRH (a-c)
and ECRH (d-f) at high (time window from 2.2s to 3.0) (a,b) and low (time window
from 6.6s to 7.58) (c,d) RF power density, and (e,f) corresponding time averaged W
density profiles (solid) compared to the corresponding time averaged electron density
profiles (dashed). all normalized to their values at r/a = 0.4. In (e,f), full squares and
full circles are the W corresponding density measurements of the GIW spectrometer
(core and peripheral respectively) multiplied by the electron densities at the middle of
the radial intervals of measurement (plotted with horizontal bars), and normalized in
the same way as the SXR—evaluated W density profiles.
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Figure 4. Power density (a) and integrated power (b,c) profiles with localized and
broad ECRH (TORBEAM) [45] and with ICRH (TORIC-SSFPQL) [46] as well as NBI
(TRANSP) normalized to the maximum power density in (a) and normalized to the
total injected power in (b), in actual MW in (c). In (c) the phases with maximum
heating power of ECRH (1.9 MW) and ICRH (3.4 MW) are considered. Different
x—axis are used in (a,b) and in (c).

that when the sawtooth crashes produce a significant modification of the plasma kinetic
profiles in the central region, the recovery time is usually short as compared to the
sawtooth period. Therefore, time averaged profiles are not very different from the
profiles measured just before the sawtooth crashes. An analysis based on pre—crash
plasma conditions can be expected to give results which are consistent with those which
are presented here, and which have been obtained based on plasma conditions time
averaged over multiple sawteeth.

In AUG, ICRH is accompanied by an additional W source as compared to ECRH,
which has been recently minimized by using the new 3-strap ICRF antennas [53].
Discharges with ECRH power scans have been also performed with additional W sources,
produced from the active ICRF antenna limiters by operating antennas in non-standard
phasing, at various levels of low ICRH power [24]. These additional discharges have also
allowed us 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. 5, where the ratio of the central density to a
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Figure 5. Ratio of central to peripheral W density measured by GIW as a function
of the total RF heating power for phases with additional central localized ECRH
(triangles), central broad ECRH (squares) and central ICRH (diamonds). The same
ICRH phases are also represented in terms of the electron heating fraction of the ICRH
power (open diamonds).

peripheral density of W (measured by GIW) and averaged over 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 peaking. The most efficient effect is clearly
obtained with localized ECRH, whereas broad ECRH deposition has a somewhat weaker
effect, partly comparable to that of central ICRH, which however requires significantly
higher total RF powers in order to obtain flat W density profiles 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
(open diamonds in Fig. 5), as computed by the TORIC-SSFPQL package [46], and
exhibit a trend very much consistent with that observed with ECRH. This result can
be interpreted as an indication that, in these conditions, the W response is at least
partly governed by the electron heating fraction produced by the additional RF heating.
This consideration also suggests that an important element which determines the W
density profile in the central region is related to the relative strength of the turbulent
transport component with respect to the neoclassical transport component, consistent
with previous studies [2]. Recent theoretical work has also pointed out that, at a fixed
level of total turbulent heat flux, the turbulent transport of heavy impurities is maximum
when the electron to ion heat flux ratio slightly exceeds unity [22]. This element will
be taken into consideration in Section 3. In addition to the increase of the turbulent
transport component with increasing RF heating, the W behavior is also determined
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Figure 6. Normalized logarithmic ion temperature and electron temperature gradients
(R/Lp; (a) and R/Lp. (b) respectively) as well as normalized logarithmic density
gradients R/L,, (c¢) and simple neoclassical impurity peaking parameter R/L, —
0.5R/L; (d), electron to ion temperature ratio T, /T; (e) and thermal Mach number
of Deuterium Mp ve/vnp (f) averaged in the radial window 0.1 < r/a < 0.4
and plotted as a function of the RF heating power in MW. Dashed lines identify the

trajectories of discharges §32404 and {32408 presented in Figs. 1 and 2 respectively.
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Figure 7. Peaking factor of the W density in the core as a function of the electron
heat flux fraction inside r/a = 0.25

by the change of the main plasma density, temperature and rotation profiles, which are
also affected by the additional RF heating and on which the W neoclassical transport
critically depends. Fig. 6 illustrates the dependece of the normalized logarithmic
temperature and density gradients, as well as the electron to ion temperature ratio
and the thermal deuterium Mach number averaged in the central region of the plasma
(r/a < 0.4) as a function of the RF heating power. We observe that plasmas with
additional ICRH heating exhibit higher values of R/Ly; and lower values of T,/T;
than cases with additional ECRH, consistent with an increased level of ion heating
in the center produced by ICRH. Comparable values of R/Ly. and equally decreasing
dependences of the central Mach number are also observed (we notice that one ICRH
shot has lower Mach numbers since, for technical reasons , it had to be performed with a
different set of NBI sources, resulting in a reduced externally applied torque at the same
NBI heating power). Also the electron density logarithmic gradient R/L,, shows similar
trends, which implies that plasmas with the highest ICRH powers achieve significantly
lower values of the neoclassical pinch parameter R/L, — 0.5R/Ly; [25] as compared
to the corresponding cases with highest ECRH power, which have the same amount
of RF electron heating fraction. This is a direct positive consequence of the fact that
ICRH also produces ion heating, an effect that can be expected to directly modify the
neoclassical convection.

All of these considerations suggest to analyze the W behaviour in the core as a
function of the fraction of the electron heating power absorbed in the central region of
the plasma. This can be computed by means of interpretive power balance calculations,
which have been performed with TRANSP [47], and which take into account the heating
power density profiles of all the external sources, the Ohmic power, the radiated power as
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well as the equipartition power between electrons and ions. Fig. 7 shows that the ratio
of central (r/a = 0.05) to the off-axis (r/a = 0.40) flux—surface-averaged W density
is well ordered by the fraction of the total electron heating power absorbed inside that
radial window (r/a = 0.25) (as computed with power balance analysis by TRANSP).
Points are sampled by type of heating (localized ECRH, broad ECRH and ICRH). We
observe that different types of heating produce comparable effects, with ICRH being
slightly more efficient at the same fraction of the electron heat flux (of course, not in
terms of total injected RF power). This can be regarded as the result of the more
favorable neoclassical convection produced by the ion heating fraction of the ICRH. It
is also interesting to observe that in these conditions the ratio Qnpr.i/@npr1. of the ion
to the electron heat flux provided by NBI only is above 3 at r/a = 0.25, and decreases
to 1.5 at the edge, that is, NBI is mainly producing ion heating in the central region
of the plasma. Thereby, in these conditions, the role of both RF heating systems is to
move from conditions of dominant ion heating to conditions of comparable electron and
ion heating in the central region of the plasma.

In conclusion, the analysis of the experimental observations performed so far
suggests that at least a part of the experimentally observed behavior of the W density is
the result of the combination of two main effects. The first is the increase of turbulent
W transport produced by the increase of the central heating and of the central electron
heating fraction. The second effect is the modification of the neoclassical convection
produced by the reduction of the central electron density gradient, which has a stronger
effect for ICRH plasmas also due to the higher values of the ion temperature gradients.
Finally, Figs. 5 and 7 also show that centrally hollow W density profiles are obtained
with the highest fractions of electron heating, achieved by localized ECRH. In AUG,
centrally hollow W density profiles are regularly observed in conditions of centrally
localized ECRH in combination with the presence of saturated (m,n) = (1,1) MHD
modes [32,34] (m and n are the poloidal and toroidal mode numbers respectively).
Similar to the observations reported in [34], also in the heating phases examined in the
present work, sawteeth are present and are characterized by the occurrence of (1,1)
modes, which appear early after the sawtooth crash and saturate over a large portion of
the sawtooth period. The presence of these modes is an additional important element
which can be expected to determine the shape of the W density profile in the most
central region of the plasma.

3. Modelling of the experimental results

In this section the experimental results are examined with both simplified models and
theoretical models in order to identify the main ingredients which are required to
reproduce the experimental trends. In particular, the drift-kinetic code NEO [48-50]
and the gyro—kinetic code GKW [51,52] are applied to compute the neoclassical and the
turbulent W transport components using as inputs the measured profiles of the main
plasma (deuterons and electrons).

A representative set of 12 heating phases from the experimental database presented
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Figure 8. Transport coefficients at r/a = 0.25 computed by NEO with (full) and
without (open) poloidal asymmetries of the W densities. Crosses (*+’) show results
with centrifugal effects only for the ICRH cases (impact of ICRH H minority is
neglected).

in Section 2 is selected, out of which 5 are with auxiliary ICRH and 7 are with auxiliary
ECRH.

Fig. 8 shows a comparison of the neoclassical results at r/a = 0.25 obtained
neglecting (open symbols) and including (full symbols) the poloidal asymmetries, as
computed with the code NEO, and 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
"+7). The presence of H minority also modifies the poloidal asymmetry of the W density,
due to H minority temperature anisotropy [56-58]. Parallel and perpendicular pressures
of the minority ions computed by the TORIC-SSFPQL [46] package have been used,
and a model for the impact of the temperature anysotropy based on bi-Maxwellian
distribution function [58] has been assumed in the NEO code. We observe that the
neoclassical ratio of the W diffusion coefficient to the ion heat conductivity Dy /x;
(Fig. 8b) is strongly increased by the centrifugal effects, consistent with previous
studies [33,43,44]. 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 LF'S localization [29,30]. The inclusion of the
poloidal asymmetry of the W density also modifies the W convection (Fig. 8a), leading
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Figure 9. Experimental peaking factors of W density (already plotted in Fig. 7, full
symbols) are compared to the results from the simple model Eq. 1 in open symbols,
in (a) with constant Dyyrp/Xesr = 0 (red), 0.1 (green), 1 (blue), in (b) with Dyyrs/Xest
which fits the theoretical results of [22] as a function of Q./Q; (black)

to inward convection in the majority of cases, consistent with previous analyses [29,44],
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, due to an increase of the
strength of the temperature screening resulting from a reduction of the LFS asymmetry
of the W density produced by the centrifugal terms. This effect is also consistent with
previous results [29,43].

In order to investigate the impact of the W turbulent transport, as a first step, we
introduce a simplified model for W transport in the central region of the plasma,

RI’ .
nWW = (Dneo + DturbXeff) LnW

where the turbulent convection of W is neglected with respect to the neoclassical

+ Rvneou <1>

convection and where the factor thb stands as parameter for the ratio Dyypp/xer- We
use the effective conductivity xex = (Q; + Q.)/(n:dT;/dr + n.dT./dr), which includes
the impact of both ion and electron heating, and we notice that g = (x; + Xe)/2 when
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Figure 10. Predicted ratios of the neoclassical and turbulent convection to the
turbulent diffusion (a) and ratio of the neoclassical diffusion to the turbulent diffusion
(b) in the radial window 0.2 < r/a < 0.3 as a function of the experimental additional
RF heating power in MW. Neoclassical and turbulent transport coefficients have been
computed by NEO and GKW respectively, and turbulent transport levels have been
determined by assuming that the GKW effective heat conductivity matches the power
balance anomalous effective heat conductivity computed by TRANSP.

T; = T,. In the framework of this model, using the neoclassical results of NEO of Fig. 8,
we test whether a constant ratio of Dyy.p/Xesr delivers results which are consistent with
the experimental observations. Fig. 9(a) demonstrates that no choice of a constant
Dyurv/ Xert 18 consistent with all of the data from low to high electron heat fraction.
We also notice that neoclassical transport only (case with Dyyp/xer = 0) predicts too
large peaking factors for most of the ECRH cases, whereas values of Dyyp/xer > 1
are inconsistent with the observed accumulation at the lowest values of Q./Qy. This
suggests that only a variation of the turbulent ratio Dyu.b/Xxesr as a function of the
electron heating fraction can explain the results, at least qualitatively in agreement with
the theoretical results presented in [22]. By utilizing a polynomial fit of the theoretical
results of Db/ Xer as a function of Q./Q; [22], we obtain the results presented in
Fig. 9(b), with a variation of the parameter ﬁturb from 0.08 to 4.1 from low to high
values of Q./Qy respectively. By introducing this variation of the ratio Dyyp/ Xefr, the
resulting W peaking factors are more consistent with the experimental trend over the



A comparison of the impact of central ECRH and central ICRH on the tungsten behaviour in ASDEX Up

< P\cry = 041 - = =QJQ;=0.22
f.j 10" Picrn =061 (] | - = =Q/Q. =024 |
& Plcryy = 1.08 - - =QJ/Q, =028
g ——— Piory =204 \ - - -QJQ,;=0.29
N _ N ~
S N P\cry = 362 S - = =QJQ;=0.32
< T <o O
' TN ~ N\
‘%‘ T ’ﬁ"; {; N ~ \
c TITIR ~ - =N
<] 0 a5 N %
s NS T S E AR E
(a) (b)
< Pecrn = 19 - = =Q/Q =064
|c,5 10 Pecrn = 0711 | | - = =QJQ =047|
C\E \ ) PECRH =0.22 N N - — - Qe/QT =0.26
® Nt .
g ~ ~ \
o ~
c ~ ~ \
-~ ~ ~
é ~ ~ \\
2 N
3 ~e
@ , .0
< 10 \\i- -
= = wm ey =
. . (c) , , - (d)
0 0.2 0.4 0.6 0 0.2 0.4 0.6
r/a rla

Figure 11. Measured (a,c) and predicted (b,d) flux—surface—averaged profiles.of W
density, normalized at the correponding value at r/a = 0.4, as a function of the
normalized minor radius, obtained in RF power steps with ICRH (a,b) and ECRH (c,d).
In (a,c) plot full squares and full circles are the related W density measurements of the
GIW spectrometer (core and peripheral respectively). In the legends the corresponding
values of the RF powers in MW (a,c) and the values of Q./Qr at r/a = 0.25 (b,d) are
reported respectively. Predicted profiles have also been plotted with dashed lines in
(c¢) to allow a more direct comparison with the experiment, solid lines with error bars.

entire experimental range of Q./Qt, as compared to any assumed value of constant
Dturb/ Xeft -

The actual diffusive and convective components of turbulent transport have been
computed by GKW linear runs at a single representative wave number k,p; = 0.4, where
the nonlinear spectra of W transport are usually found to peak in nonlinear gyrokinetic
simulations [22]. The GKW calculations include the impact of poloidal asymmetries of
the W density, also modified by the presence of the ICRH minority ions with the same
model used in NEO. We combine turbulent and neoclassical transport components with
the modelling approach described in [33,43,44], and we normalize the turbulent transport
components imposing that the predicted turbulent effective heat conductivity matches
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Figure 12. Same as Fig. 7, compared with the prediction of combined NEO and
GKW linear calculations (open symbols).

the power balance anomalous effective heat conductivity y.g, similarly to Eq. (1).

The relative impact of the predicted neoclassical and turbulent transport
components in the radial window 0.2 < r/a < 0.3 is presented in Fig. 10 as a function
of the additional RF heating power. The turbulent convection (open symbols in Fig.
10(a)) is small as compared to the neoclassical convection (full symbols in Fig. 10(a)). A
similar result is also obtained in a more external radial window (0.35 < r/a < 0.45). At
high additional RF heating powers, the neoclassical diffusion coefficient is smaller than
the turbulent diffusion coefficient. The relative strength of the neoclassical diffusion
coefficient increases in a more external radial window (0.35 < r/a < 0.45), while
exhibiting the same trends with increasing additional RF heating power.

The results of the combined NEO and GKW modelling are presented in Fig.
11, where predicted flux—surface—averaged density profiles are compared with those
reconstructed from the experimental measurements, and in 12, where the predicted
central peaking factor parameter is compared to the corresponding experimental results
as a function of the fraction of electron heat flux.

The comparison shows that while some general trends are correctly reproduced
by the modelling, complete quantitative agreement is not obtained. In particular, for
the ECRH cases at high power, the central hollowness is not reproduced. The cases
with ICRH are better reproduced by the modelling, where the inclusion of the impact
of H minority ions also has a non—negligible effect on the jresults. However, the local
hollowness of the predicted profile obtained with the highest ICRH power appears to be
outside the experimental error bars and could result from an overprediction of the impact
of the H minority asymmetry, as suggested by comparisons with 2D reconstructions of
the W density distribution in this case.

The poor level of agreement of the ECRH cases with largest electron heat flux
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fraction reveals one of the critical limitations of the present modelling. While the
variation of the local slope of the W density profile around r/a = 0.4 is reasonably well
reproduced (we note that experimental error bars become large outside r/a = 0.5 due to
the decrease of the electron temperature in relation to the sensitivity range of the SXR
diagnostic), the central hollowness of the W profile is completely missed by the model.
This result is not new and was somewhat expected, as a specific study on the interplay
between central ECRH and saturated (1,1) MHD activity has revealed [34]. This result
also supports the hypothesis that the presence of the mode significantly impacts the W
transport by means of a modification of the geometry of the confining magnetic field,
which is assumed perfectly axisymmetric by the modelling activity presented in this
work. Companion studies are taking into account the impact of the 3D modification of
the magnetic equilibrium produced by a helical core [59] or a magnetic island [60]. The
inclusion of these effects in the modelling with the NEO and GKW codes goes beyond
the scope of the present paper, which is mainly dedicated to report the experimental
results.

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. 13. Additional linear calculations
with the GKW eigenvalue solver as well as nonlinear simulations are planned to
investigate these aspects, in particular the potential role of subdominant modes in these
experimental conditions, which can affect the nonlinear W turbulent transport [23]. We
notice however that any modification of the turbulent convection should be large enough
in comparison to the neoclassical convection, which appears unlikely to occur in these
conditions where neoclassical convection is usually larger or comparable to the turbulent
convection (Fig. 10). Finally, it is important to underline that ETG modes are also
found unstable by GKW linear calculations at the nominal experimental parameters, 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. This would
require challenging multi—scale simulations in this central region of the plasma.

4. Conclusions

Experiments in AUG have been performed to directly compare the impact of central
ECRH and central ICRH on the W behaviour. Decreasing steps of RF power have
been applied to a constant background of NBI heating which robustly keeps the plasma
in the H-mode confinement regime. The discharge conditions (high plasma current
and low levels of gas puff) were such that in the absence of sufficient additional RF
heating power W accumulates in the center, and in the presence of NBI only a sudden
and uncontrollable accumulation takes place leading to the termination of the plasma
discharge. These conditions favor the comparison between the two RF heating methods.
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Figure 13. Fraction of the electron heat flux predicted by linear GKW calculations
compared to TRANSP power balance

The most general observation is that ECRH and ICRH produce comparable effects on
the central peaking of the W density when they produce comparable fractions of electron
heating power. This also implies that in these conditions localized central ECRH is
the most efficient method in terms of required total additional RF power in order to
flatten the central W density profile. An interesting additional observation is that, at
low levels of RF heating, stationary conditions are achieved in which the W density
profile exhibits significantly stronger central peaking than the electron density, that is,
W exhibits accumulation, but in stationary phases, without any consequent sudden and
uncontrolled increase of the central W concentration. It has to be underlined that these
stationary conditions with accumulation also exhibit regular sawteeth, therefore the
experimental results alone do not allow us to ascertain how stationary these conditions
of accumulation could be in the absence of regular sawteeth.

The analysis also reveals that the electron heating fraction is not the only parameter
which governs the W response. Both central ECRH and central ICRH produce a
beneficial reduction of the central peaking of the main plasma density profile. In
addition, plasmas with additional central ICRH regularly exhibit stronger central ion
temperature gradients as compared to ECRH plasmas, with consequent more favorable
neoclassical convection. A combined modelling activity, which utilizes the drift—kinetic
code NEO and the gyro—kinetic code GKW to compute the neoclassical and turbulent
transport components, finds results with the same qualitative trends as the experiment,
and provides evidences of quantitative agreement, particularly in the radial interval
0.3 < r/a < 0.5. The modelling also shows that the impact of the temperature
anisotropy of the H minority produced by ICRH has a non—negligible impact on the
poloidal asymmetry of the W density, with favorable consequences on the neoclassical
transport. The modelling reveals that the assumption of a constant ratio of the W
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diffusion to the heat conduction Dy, /x is not consistent with the observations, and
supports the theoretical expectation that the dependence of Dy, /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. Finally, the modelling does not reproduce the local hollowness
of the W density observed in the presence of the highest steps of ECRH power. This
supports the hypothesis that the central hollowness is the consequence of the interplay
between central ECRH and the observed (m,n) = (1,1) MHD activity [34].

These experimental results confirm the applicability of both ECRH and ICRH for
the suppression of W accumulation. There are however some considerations to be added
in order to assess the relevance of these results for the extrapolation to plasma condi-
tions of a reactor, and of ITER in particular. In these experiments both ECRH and
ICRH have been applied in addition to a background of NBI heating, which is mainly
delivering ion heating in the central region of the plasma. The absence of strong central
NBI heating in an ITER plasma has some positive consequences with respect to the
W behaviour. The negative impact of NBI, particularly connected with the production
of a central particle source and with a strong toroidal torque, has been clearly iden-
tified in recent JET experiments [33]. In ITER, the small central fuelling from NBI
allows limited central peaking of the plasma density. In addition, the much smaller
ratio of torque to plasma inertia in ITER as compared to AUG or JET can be ex-
pected to lead to much smaller levels of toroidal rotation, with beneficial effects on the
size and direction of the neoclassical transport. These beneficial conditions have been
experimentally demonstrated in Alcator C-Mod in the absence of NBI heating [8]. In
the central region of an ITER plasma (around p < 0.3) in the baseline scenario, the
expected ratio of the electron to the ion heat flux strongly depends on the amount of
auxiliary central electron heating which is applied, on the level of central radiated power
and therefore of central W concentration, as well as on the transport model which is ap-
plied for the prediction [61-63]. In general, it can be expected to vary from a minimum
of 0.5 to a maximum around 2, a range which is covered by the variation explored in
the experiments reported in this paper. Conditions with Q./Q; ~ 1.5 are theoretically
predicted to benefit of the maximum increase of the turbulent diffusion of W, while
conditions with Q./Q; < 1 and Q./Q; > 1 are expected to be characterized by sig-
nificantly lower values of the turbulent diffusion, for a given level of the total heat flux
(Qe+ Q;) [22]. While the experimental results presented in this paper can be considered
to be at least qualitatively consistent with the prediction that the W diffusion increases
with increasing ratio of )./@Q); starting from conditions of dominant ion heating, the
equally important prediction that W diffusion decreases when ). > @); still awaits an
experimental validation. Since in present experiments conditions of (). > @); are regu-
larly achieved with small NBI heating, and therefore limited central fuelling, transient
transport experiments dedicated to the separate measurement of diffusion and convec-
tion of the impurity could be more appropriate for this purpose (although likely more
complex to carry out). In fact, it can be expected that, in the absence of central fuelling,
the neoclassical transport is outward in the central region of the plasma, and therefore
no central accumulation is obtained in those conditions, regardless the ratio of Q./@Q;, in
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contrast to the observations presented in this work. To this purpose, experiments with
light impurities might be more appropriate with respect to heavy impurities, not only
because they can be better diagnosed with charge exchange recombination spectroscopy,
but also because their turbulent transport component largely dominates over the neo-
classical transport component. Finally, as compared to plasmas in present tokamaks,
in a tokamak plasma with size, current and field of a reactor, neoclassical transport is
expected to play a more limited role [23], with the beneficial consequence of a signifi-
cantly reduced risk of heavy impurity accumulation, as confirmed by recent transport
modelling of ITER scenarios [63].
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