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Abstract. The W-transport in the core plasma of JET is investigated experimentally
by deriving the W-concentration profiles from the modelling of the signals of the soft
X-ray cameras. For the case of pure neutral beam heating W accumulates in the core
(r/a < 0.3) approaching W-concentrations of 1073 in between the sawtooth crashes,
which flatten the W-profile to a concentration of about 3 - 1075, When central ICRH
heating is additionally applied the core W-concentration decays in phases that exhibit
a changed mode activity, while also the electron temperature increases and the density
profile becomes less peaked. The immediate correlation between the change of MHD
and the removal of W from the plasma core supports the hypothesis that the change
of the MHD activity is the underlying cause for the change of transport. Furthermore,
a discharge from ASDEX Upgrade is investigated. In this case the plasma profiles
exhibit small changes only, while the most prominent change occurs in the W-content
of the confined plasma caused by the reduction of the fueling deuterium gas puff.
Concommintantly, the W-concentration profiles in the core plasma r/a < 0.2 steepen
up reminescent to the well-known connection between central radiation and transport
during cases with strong, established W-accumulation, while in the present analysis
such a causality between the two during the onset of W-accumulation could not be

1 See the Appendix of F. Romanelli et al., Proceedings of the 24th TAEA Fusion Energy Conference
2012, San Diego, US



Observations on the W-transport in the Core Plasma of JET and ASDEX Upgrade 2

pinned down. Both case studies exemplify that small changes of the core parameters
of a plasma my influence the W-transport in the plasma core drastically.

1. Introduction

In ASDEX Upgrade (AUG) and JET tungsten (W) is used as a plasma facing material
(cf. Ref. [1] for AUG and Ref.[2] for JET), because it will be used in ITER and it is a
promising candidate material for a fusion reactor. While at AUG a stepwise approach
to replacing the graphite wall tiles by W-coated ones was pursued from 1999-2007, the
ITER-like wall (ILW) at JET consisting of Be (main chamber) and W (divertor) plasma
facing components (PFCs) was implemented during one single vent in 2010/2011. A
crucial task for plasma operation (cf. Ref. [3]) is the control of the W-concentration in
the confined plasma, as W may lead to unacceptable radiative cooling for concentrations
above ~ 1074

A high W-content is also an issue for the stability of a plasma as plasma operation
becomes more difficult when W-transport leads to a strong increase of the W-content.
An extreme case of a transport phenomenon is core localized impurity accumulation.
The latter is a well-known effect observed already in the limiter tokamaks PLT and
ORMAK which were both operated with high-Z limiters (cf. Ref. [4, 5]). At ASDEX
Upgrade and JET the operation with W PFCs is possible since the divertor concept helps
to drastically reduce the W-content of the plasma [6]. However, core localized impurity
accumulation is still observed in discharges where in the plasma core neoclassical
transport dominates the impurity transport [7]. This happens naturally, because the
profiles of density and temperature have only small gradients in the plasma core. As
turbulent transport requires a threshold in the gradients of the kinetic profiles there is
always a small region in the core where neoclassical transport for the impurity ions may
be important, as has been shown for Ne, Ar, Kr and Xe in Ref. [8]. Neoclassical transport
in the core may lead to steep impurity gradients that cause strong local radiative
cooling. The easiest way of preventing impurity accumulation has been shown to be
central heating by electron cyclotron resonance heating (ECRH), ion cyclotron resonance
heating (ICRH) or neutral beam heating [9]. The effectiveness of this approach has
been attributed to an increased turbulence level, rendering the neoclassical transport
less important. The analyses of impurity transport (Si, Ar and Ni) for cases with central
heating compared to cases without central heating in AUG [9, 10] and JET [11, 12] give
larger diffusion coefficients and a reduction or even reversal of the convective velocity
(cf. Ref.[9, 10]). In the next section a recently developed diagnostic method [13], which
provides W-concentration profiles by modelling the soft X-ray emissions, is exploited
in order to investigate further the transport of W in the core plasma of JET-ILW.
Note that the actual work is the first at JET that focuses on W. As there is a strong
Z-dependence of neoclassical transport, the uncertainties of the evaluated neoclassical
transport coefficients for W receive special attention. An analysis of a discharge at
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ASDEX Upgrade is used to emphasize the large effect on W-transport for small changes
of the plasma profiles.

In section 2 a detailed analysis of the W-transport in the core of JET discharges
is presented, which emphasizes the importance of MHD for the central W-transport.
In section 3 the correlation of W-transport and W-radiation is presented and discussed
and finally, section 4 summarizes the results.

2. Core Transport of Tungsten investigated in JET

2.1. Ezxperiment and Observations

The soft X-ray cameras at JET-ILW are used to derive the profiles of W-concentration
and poloidal asymmetries due to centrifugal forces. The details of the diagnostics
are described in [13]. The basic assumption that allows the determination of the W-
concentration is that the low-Z impurities give rise to Bremsstrahlung, while the only
other radiator is W, i.e. the radiation from Ni is negligible. The rotation velocity
as derived from the poloidal in-out asymmetry provides a consistency check of that
assumption. For the same rotation velocity the in-out asymmetry for W is larger than
for Ni. For the measured asymmetries the derived rotation velocities for W match
those measured by charge exchange recombination spectroscopy, while those derived
for the assumption that Ni is the main radiator would be about a factor of two too
large. Generally, this observations holds in agreement to the spectroscopic observation
that Ni contributes only a minor fraction < 10% even for plasmas with the highest Ni
concentrations. As adjustments of the atomic data describing the soft X-ray emissions
for W have been explained in Ref.[13] the physical meaning of the results may be
considered preliminary, however, future corrections of the data will not change the main
thrust of this paper as most of the conclusions rely on large changes of the soft X-ray
emissions, outside of the uncertainties of the adjustments.

Two discharges with a plasma current of 2 MA performed at a magnetic field of 2.7 T
are compared in the following. The first discharge (pulse 83597) features ~ 16 MW of
neutral beam injection (NBI) at a central density of about 7 -10* m™3. The second,
pulse 83603, is heated with 14.5MW of NBI and an additional 3.5 MW of central ICRH.
The central density is about 6.5-10 m=3. The slight difference in density appears even
though the deuterium gas fueling is equal for both discharges, i.e. 10?2D/s.

In Fig.1(a) and (b) the W-concentrations at r/a=0.0,0.3 and 0.45 are depicted
for both pulses. For 83597 (pure NBI), the core W-concentration at r/a=0.0 shows
large excursions compared to the values at r/a=0.3 and 0.45. At these outer radii,
the only excursion is provided by a W-event at about 15.5s, which increases the W-
concentration from about 3-107° to 10~*. The central W-concentration varies between
these values and about 1073, In Fig.1(c) and (d) the electron temperature measurements
from electron cyclotron emission (ECE) channels close to the magnetic axis and close to
the sawtooth inversion radius (r/a~0.33) are presented. Using these signals as indicators
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Figure 1. (a) and (b) Evolution of the W-concentrations at three radii for
83597 and 83603; (c) and (d) Electron temperatures close to the magnetic axis
and close to the sawtooth inversion radius for 83597 and 83603; (e) and (f)
Spectrogram of a magnetic coil located at the outer midplane for 83597 and
83603;(g) and (h) Electron densities close to the magnetic axis and close to the
sawtooth inversion radius and their ratios for 83597 and 83603;

of the sawtooth crashes a qualitative difference between the two discharges becomes
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apparent. For 83597 (pure NBI), the excursions of the W-concentration are aligned to
the sawtooth crashes such that the sawtooth crash results in a flat or slightly hollow W-
profile, while in the phases between the sawtooth crashes the W-concentration increases
monotonically, slowly leveling off towards the end of the sawtooth cycle. For 83603
(NBI+ICRH), the W-concentration at r/a=0.3 and r/a=0.45 are slightly higher than
in 83597 quantitatively consistent with the increase of the radiated power (by approx.
2MW) from the main plasma as compared to 83597. In 83603, the increasing and
decreasing phases of the central W-concentrations (at r/a=0.0) are not governed by
the sawtooth cycle only. After a sawtooth crash, the W-concentration profile is flat,
however, there are phases with decreasing W-concentration in between the sawteeth
crashes. The interpretation of that observation is quite challenging and an attempt will
be presented in the discussion section below. As an additional observation, the MHD
behaviour as shown in Fig.1(e) and (f) seems to be quite different for the two pulses. For
83597 (pure NBI), a regular (1:1) mode is active during the the sawteeth cycle, while
only a few perturbations of that mode activity are visible (cf. gray, transparent areas in
Fig.1(a),(c) and (e)), e.g. one at 16.12s. However, most of these special phases appear
right after the sawtooth crash were density and temperature gradients are reduced,
which could be the underlying reason for both, the changed transport and the changed
mode activity: Right after the sawtooth crashes the mode activity is weaker and the
inward transport of W pauses for about 50 to 100 ms. For 83603 (NBI+ICRH), these
phases also appear after the sawtooth crashes (cf. gray, transparent areas in Fig.1(b),
(d) and (f)). Apart from these, more perturbations of the MHD activity (e.g. fishbones
or jumps of the frequency of the (1:1) mode) show up regularly during the sawtooth
cycle (cf. green, transparent areas in Fig.1(b), (d) and (f)) and correlate with the phases
in which the W-concentration in the core decreases. Simultaneously, these phases also
exhibit higher electron temperatures, which could also be a cause of changed transport.
In Fig.1 (g) and (h) the evolution of the electron densities in the plasma core and at
the sawtooth inversion radius is shown for both discharges. Also depicted is their ratio
to better diagnose the peaking of the electron density profiles. In 83597, there is a clear
evolution from non-peaked to peaked within the sawtooth cycle, while in 83603 there
seems to be a considerable scatter overlayed. In both cases the density ratio (core density
/ density at sawtooth inversion radius) is on average larger than one, thus we deal with
peaked density profiles in the plasma core, while a consideration of uncertainties, as
performed in the discussion section, may be crucial. The statistical uncertainties of the
presented density measurements are smaller than 6 % through-out, while the propagated
uncerctainties of the peaking are between 8 % and 9 % through-out.

2.2. Modelling and Discussion

In this discussion we address the following three questions:

e [s the increase of the W-concentration after a sawtooth crash in 83597 consistent
with neoclassical transport or is an additional effect required?
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e How strongly different is the transport in 836037

e [s the change in MHD activity responsible for the removal of W from the plasma
core in 836037

In order to estimate the neoclassical W-transport in the plasma core a close look at
the ion density and temperature profiles is necessary. The gradients of the background
ions (deuterium) lead to an inward impurity convection, while the gradients in ion
temperature lead to an outward convection. It should be noted that we do not
attempt to do a detailed accounting of the neoclassical transport, as the uncertainties
in the required measurements have a considerable effect on the neoclassical transport
coefficients. The effect of these uncertainties on the W-transport is discussed below.
Anyhow, the uncertainties in the electron density measurements are comparable to the
change of density within a sawtooth cycle, as can be understood by looking at the
time traces in Fig.1 (g) and (h). While the more regular behaviour in 83597 allows
to identify a rough evolution of densities within a sawtooth cycle, it is harder to see a
consistent evolution of the electron densities in 83603. For 83597, the density peaking is
decreased by the sawtooth crashes and rebuilds during the sawtooth cycle. When several
sawtooth cycles are taken into account, there seems to be a short phase of about 50-
100ms after the sawtooth crash, where the density peaking is not reestablished or very
slowly reestablished, followed by a 50-100ms phase in which the peaking is reestablished
and after which the peaking saturates. Note that this is a non-negligible fraction of the
sawtooth cycles, which lasts for 300-450 ms. As we plan to estimate the typical time
scales of neoclassical transport we evaluate the average electron density profile including
only measurements from the second half of the sawtooth cycle in which the density
peaking seems to saturate. This choice neglects time-dependences and is expected to
give a slightly stronger inward pinch than applies on average. For 83603, a consistent
picture of the density evolution is not observed, which could mean that there is no
evolution after the sawtooth crash, hence there is no peaking, or the evolution is slightly
smaller than the statistical scatter of the data. In order to get at least a profile that gives
us the average peaking of the densities, all time points are included in the determination
of an electron density profile.

In Fig.2 the electron density profiles for the pulses 83597 and 83603 are depicted.
In order to estimate the neoclassical inward convection for W, the described choice
of profiles were included in the fit. For the ion temperature in the plasma core
no measurement is available for large fractions of the first campaign JET with the
ITER-like wall (JET-ILW). Therefore, the electron temperature measurement are used
instead. At the considered high electron densities the experience of ealier campaigns
at JET is suggesting that the electron temperature should be almost equal to the
ion temperature, while the underlying reason for that is the fact that the typical
energy exchange time is more than an order of magnitude shorter than the typical
transport time. For 83603 strong localized core electron heating is provided by the
ICRH, therefore, the electron temperature are considered as an upper limit for the
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ion temperature. In order to make this discussion for 83603 less complex, we use, for
further considerations, only one temperature profile within the phase of the sawtooth
cycle, i.e. the one featuring the highest central temperatures (=~ 6keV) and thus the
largest outward-directed contribution for the neoclassical convection. Note that we do
not attempt to do a time-dependent modelling, i.e. the transport coefficients and kinetic
profiles are fixed in time (unless indicated), as the purpose of the modelling is to check
the rough magnitude of the transport coefficients required to describe the observed
transport phenomena. The electron temperatures measurements at the center and at
the sawtooth inversion radius are presented in Fig.1 (¢) and (d). The effect of impurities
on the neoclassical transport coefficients is taken into account by NEOART and requires
the input of impurity densities. NEOART [14, 15] calculates the collisional transport
coefficients for an arbitrary number of impurities including collisions between them.
The code solves the set of linear coupled equations for the parallel velocities in arbitrary
toroidally symmetric geometry for all collision regimes. The classical fluxes are given
by Eqs.(5.9) and (5.10) in [16]. The equations for the banana-plateau contribution are
that in [17]. The Pfirsch-Schliiter contribution is calculated from the coupled equations
(6.1-2) and (6.14-15) in [16], as described in [18]. The presented calculation do not take
impurity asymmetries into account, which is known to alter the neoclassical transport
coefficients (e.g. [19]). It should be noted that asymmetries based on centrifugal forces
become less important close to the axis, while the nature of the presented analysis
is that of an estimate of neoclassical transport. In the following we assume constant
impurity concentration profiles (1.5% cp. and 10~ cy). Both values are in the right
ball park according to the data from the visible Bremsstrahlung (Be) and the soft X-ray
cameras (W). Using the presented electron density profiles, the electron temperatures as
measured by electron cyclotron emissions and the mentioned assumptions on impurity
densities the neoclassical diffusion coefficients for W, as evaluated by NEOART, are
around 0.015m?s™! for both cases (cf. Fig.2(e)and (f)). The profiles of the drift velocities
for W are shown in Fig.2 (c¢) and (d). In both cases the most central transport is directed
inward giving rise to accumulation, while at about /a =~ 0.15 the drift velocity reverses
and is directed outward. The outward convection is only partly due to the temperature
gradients, as a bump in the density profiles between r/a ~ 0.25 and r/a =~ 0.55 gives
rise to flat (83597) or slightly hollow (83603) density profile at r/a &~ 0.2. It is unclear
if this bump is an artefact. Even though only an estimate of the neoclassical transport
coefficients is attempted, we are concerned about the possible impact of such artefacts
and additional complications such as the impact of gradients in the density of low-Z
impurity densities which have been neglected for this analysis. These uncertainties are
discussed below where also other caveats of the analysis are investigated.

For the transport modelling performed with STRAHL [14] using the atomic data
derived in [20], the neoclassical transport is combined with anomalous transport, which
is in the present analysis assumed ad hoc according to the results of earlier investigations
on impurity transport and according to the typical impurity confinement time (s. below).
In [21, 8] typical values for diffusion coefficients are found to be within the order of
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Figure 2. (a) Density profiles as measured by HRTS during the 2nd half of the
sawtooth cycles in 83597 - data (blue), spline fit (red); (b) All density profiles
as measured by HRTS during the time interval 15.0 to 16.5s in 83603 - data
(blue), spline fit (red); (c) Drift Velocity for W as derived from NEOART
using ne-profiles of part (a) and T; = T, at the corresponding time points; (d)
Drift Velocity for W as derived from NEOART using ne-profiles of part (b)
and T; = T, at the end of the sawtooth cycles; (e) W-Diffusion coefficient D as
used in the transport modelling and neoclassical D as derived from NEOART
using ne-profiles of part (a) and T; = T, at the corresponding time points; (f)
W-Diffusion coefficient D as used in the transport modelling and neoclassical
D as derived from NEOART using ne-profiles of part (a) and T; = T, at the
corresponding time points;

1m?s~!, while for cases without central heating the plasma core may

exhibit neoclassical transport coefficients for impurities. As in the present work the
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impurity peaking inside of r/a=0.3 is investigated the exact value of the anomalous
diffusion coefficient outside of r/a=0.3 is of no importance. It is only able to influence
the absolute W-concentration at r/a=0.3, which is considered a free parameter in the
present study, because it can be as well influenced by the edge source and screening of
the plasma, both of which are not subject of the investigations. In fact the anomalous
diffusion coefficient was varied by a factor of 4 in order to confirm the insensitivity of
the core analysis to the anomalous transport outside of r/a=0.3.

) 0_3Zoom-in for JET Pulse No: 83597 (a) 10_3ZOom-ir‘| for JET Pulse No: 83603 (b)
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Figure 3. (a) Zoom-in to one sawtooth cycle in 83597; The measured W-
concentrations (symbols) at r/a = 0.0 (red) and r/a=0.3 (orange) are compared
to modelled ones using vpeo and Dye, from neoclassical theory (solid lines) and
using the v= 2- vneo and D=Dye,. (b) Zoom-in to one sawtooth cycle in 83603;
The measured W-concentrations (symbols) at r/a = 0.0 (red) and r/a=0.3
(orange) are compared to modelled ones using v and D, which are within a
factor of 2 of the neoclassical coefficients up to about 15.6s. From 15.6s the
decay of the central W-concentration is modelled by a reversed convection (solid
lines) or by an increased diffusion coefficient (dashed line).

The transition of the anomalous diffusion coefficient towards low, neoclassical values
determines in which radial region the drift velocity has the biggest impact on the
impurity profile. As we observe a strong W-peaking in the core only, we designed
that transition region accordingly (cf. depicted diffusion coefficients in Fig.2(e) and
(f)). All these adjustments are done with the aim to check the magnitude of the
convective velocity and the diffusion coefficient in the region where the W-peaking is
observed by comparing the time evolution of the measurements with that of the model.
As mentioned above the level of the anomalous diffusion coefficients have been chosen
such that approximately the impurity confinement time (few 100 ms) from experiment is
reproduced and at the same time the core transport stays at the neoclassical level, while
the additional W-confinement due to the W-accumulation in the plasma core was not
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taken into consideration for matching impurity confinement time and level of anomalous
diffusion.

Indeed, the discussed increase of the W-concentrations in the plasma core of pulse
83597 can be described (cf. Fig.3(a)) with transport coefficients reasonably close to
the depicted (cf. Fig.2(c) and (e)) transport coefficients. In Fig.3(a) the results of
two simulations are presented; one using exactly the transport coefficients as shown
in (cf. Fig.2(c) and (e)) and one using twice the presented inward convection. The
measured W-concentrations suggest that the real transport features time averaged drift
velocities close to the latter coefficients. Considering the cavats, i.e. the uncertainties in
the electron density profile measurements and the fact that the modelling is not time-
dependent and that corrections of the neoclassical model due to centrifugal asymmetries
are not taken into account, the level of agreement is surprisingly good and there is no
obvious contradiction to the assumption that neoclassical transport as the main driver
for the observations.

For 83603, the measurements within a sawtooth cycle cannot be described by
the depicted transport coefficients, as especially the innermost part of the neoclassical
transport r/a < 0.2 always produces a peaked profile in the core. Note that this
direction of the neoclassical drift velocity is still inward even though the temperature
profile featuring the highest temperatures during the sawtooth cycle are taken into
account, such that the neoclassical inward convection is even stronger for most time
points of the sawtooth cycle. This suggests that a change of the diffusive transport
or an additional outward convection must apply in 83603, which cannot be explained
by neoclassical theory. In order to document this finding the sawtooth cycle between
15.4s and 15.8s is modelled (cf. Fig.3(b)), while a change of transport coefficient is
necessary at about 15.6s. The increase of the W-concentration at r/a < 0.2 up to
15.6 s requires similar W-coefficients than for the sawtooth cycle in 83597, in detail, the
core diffusion coefficient is 0.016 m?s~! while the convective velocity requires scaling by
a factor of 2.15 such that it peaks at -0.95ms™!. At 15.6s the transport coefficients
are changed in two different ways such that at the end of the sawtooth cycle roughly
flat W-profiles result. First, the diffusion coefficient is increased to 0.5m?s™! in the full
region r/a < 0.3 and the dashed lines result in Fig.3(b). These model results feature
a very steep decay of the W-concentration at 7/a = 0.0 which then slowly approaches
the flat W-profile. Second, the transport is changed in the model such that the inward
convection velocity is changed from -0.95ms~! to an outward convection of 0.2ms™! in
the full region r/a < 0.3 while the low diffusion coefficient of 0.016 m?s™" is maintained.
These model results are shown by the solid model curves in Fig.3(b). Comparing the
model curves to the data, the second model assumption seems to fit better to the data,
however, if the transport coefficients are time-dependent in experiment also an increased
diffusion coefficient could reproduce the measurement. In this context it is interesting
to note that the neoclassical and turbulent transport is mostly governed by the kinetic
profiles, which stay roughly constant between 15.55s and 15.75s. The modelling clearly
shows that a change of transport coefficients within a sawtooth cycle is necessary to
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obtain a match between the measurements and the modelling. It is not clear whether
the transport coefficients are constantly changing after 15.6s, or whether there is a
simple switch of transport at 15.6s.

Both types of transport change could be caused by a change of turbulence in
the plasma core or due to changed MHD activity. It is worthwhile noting that in
each sawtooth cycle in 83603 the reversal of transport (i.e. from inward to outward)
appears at slightly different times and combinations of central electron temperatures
and densities (cf. Fig.1). The fact, that the phases with decreasing W-concentrations
correlate clearly and immediately with the change in MHD activity without time lag
suggests that the MHD activity could be the underlying reason for the change of the W-
content, which in terms of transport coefficients may be identified as a larger anomalous
diffusion coefficient or an outward drift velocity (e.g. [10, 22, 23]). The MHD activity is
probably closely connected to the application of ICRH, as for example fishbone activity
is known to be driven by fast particles, which may be provided by ICRH. Alternatively,
the strong increase of the temperatures decreases the slowing down time of all fast
particles, which leads to higher densities of fast particles, which in turn could trigger
the fishbones. In [24] a similar observation is reported, as fishbones are observed to
reduce the core emissivity of the soft X-ray range, which is attributed to a reduction of
the core iron-density. The exact mechanism of the changed MHD activity is not subject
of this study, however, it is strongly recommended to understand in more detail the
mechanisms of how MHD-modes can interact with impurity transport. There are clear
signs, e.g. [22, 23, 8], that not only fishbones have impact on impurity transport, but
also regular (1,1)-modes. Such a future study is highly complex, because it not only
has to include the mode dynamics, but also at least neoclassical impurity transport,
which is very difficult to combine, as the measurements of the kinetic profiles need to
be mapped onto the mode structure, which quickly rotates. Even the time-dependent
treatment of the parallel redistribution of W may be a vital ingredient for perpendicular
transport effects.

An alternative interpretation of the observations would be necessary, if the density
peaking is much smaller than the measurements suggest (cf. discussion of caveats below).
For this case no established reason for the W-accumulation in the plasma core exists,
but from the obvious correlation between MHD and transport one could also conclude
that the regular (1,1)-mode, which is always present during the phases which features
inward transport of W, is actually causing this transport. It should be noted that
such a hypothesis has several implications: There would be no clear explanation for
the underlying physics of such an effect, as typically the mode activity is interpreted
to cause strong, non-directional, radial transport of energy and particles. However, a
change in mode-activity has been connected above and in work before (e.g. [23]) to
a possible outward convection, which also cannot be described by this standard view.
One should also note, that the time-scales of the increase in central W-concentrations
is not compatible with v and D being both much larger than the neoclassical values
(derived from the measured density peaking), thus, a directional mode transport would
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by coincident result in transport of the same order of magnitude. Simulations using much
larger v and D values suggest that the diffusion coefficient must be clearly smaller than
0.15m?2s™! during the phases with increasing W-concentrations, while the respective v
is about proportional to D. The importance of the modes cannot be excluded for the
present analysis, however considering earlier high-quality work (e.g. [8]) there are clearly
cases where the (1,1)-modes in the core do not play a big role for impurity transport,as it
was found that neoclassical transport coefficients in the plasma core of ASDEX Upgrade
apply and also exhibit a Z-dependence corresponding to that from neoclassical theory.
Additionally, for the present investigation the sawtooth inversion radius, which is an
indicator for the q=1 surface, is at about r/a=0.33 in 83597 and 83603, which is clearly
outside of the accumulation region. Still, considering the uncertainties of the actual
analysis and the incomplete understanding of interaction between modes and heavy
impurities this alternative explanation can not be excluded.

2.3. Caveats

First, the derivation of the W-concentration profile from the soft X-ray cameras may
be in doubt, because adjustments and recalibrations were necessary in order to use
the soft X-ray cameras as a W-diagnostics. The adjustments can also be seen as a
calibration procedure in order to arrive in a specific calibration discharge (without high-Z
radiators) at a good description of the continuum backround radiation and in a different
calibration discharge at W-concentration profiles that are consistent with bolometry and
spectrometer diagnostics. The mentioned adjustments are described in more detail in
Ref.[13], and for the actual discharge a consistency check is in order. As the peaking of
the W-concentration is the main interest of the actual work, the question is investigated
whether the diagnostic introduces a bias for the peaking and whether the considerable
peaking of the W-concentration is plausible. One expectation from sawtooth crashes
is that they roughly flatten all profiles, including the impurity density profiles. When
comparing the W-concentrations at r/a=0.0 to the W-concentration at r/a=0.3 and
r/a=0.45, the sawtooth crash indeed flatten the profiles and in a few cases even provide
slightly hollow profiles (slightly outside of the error bars), which gives a hint that there
might be additional uncertainties not fully captured in the error bar. On the other hand,
for 83597 an impurity peaking which approaches a W-concentration of 1072 just before
the sawtooth is observed, which is consistent to the drop of signal in a central, horizontal
chord of the bolometer system. The chord misses slightly the center of the plasma and
it should be noted that due to the coarse coverage of the bolometer the neighboring
chords do not detect the core localized accumulation region. The total radiated power
flux on that central chords drops by 55kW m™2 at the sawtooth crash. Assuming that
the path length through the volume with the increased W-concentration is roughly
0.1m (as can be derived from the signal distribution on the soft X-ray diagnostics) the
average power density in the accumulation region attributed to W before the crash is
thus 550kW m~—3, which corresponds to a change of the W-concentration of roughly
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5-107* using the cooling factor from Ref. [25]. This is roughly a factor of two smaller
than derived by the soft X-ray analysis, which reflects the fact that this estimate gives
the average W-concentration in in the accumulation region and additionally it could be
caused by the fact that the bolometer chord misses the magnetic axis by a few cm.

Second, the evaluation of the neoclassical transport coefficients for 83597 was
performed taking the rough impurity densities into account, however, the influence of
the impurity density profile was ignored. This was necessary, because the exact profile
is unknown. Assuming that the transport is indeed neoclassical one can estimate how
peaked the low-Z impurity could be. The ratio v/D describes the equilibrium impurity
density profile, as in equilibrium the normalized gradient of the impurity density ny is
given by the local ratio vz/Dy. Thus, the central density peaking of an impurity Z,
which may be characterized by the ratio of the impurity density at r/a=0.0 nz(0.0) over
the impurity density at r/a=0.3 nz(0.3), is given by

nz(OO) /T@T’/(IZO.O
= Dyd
nZ(03) exp( rQr/a=0.3 UZ/ i T)

, where 1 is the radial coordinate on which also the definition of v and D is performed.
Using the obtained v and D profiles, the W-peaking in equilibrium would be about a
factor of 120. As wvz/Dy scales to first order with the charge of the impurities, the
expected vy /Dy for Be, the main low-Z impurity in JET-ILW, is about a factor of 10
smaller in the plasma core. This means for the equilibrium peaking of Be that it is only
a factor of 1.6. The main effect of the impurity gradients on the neoclassical transport
of higher-Z elements is the reduction of the deuterium gradients, as has been shown in
[26]. Thus, the relevant effect on vy, /Dy is that the deuterium gradients are reduced by
less than 3.6%, as the Be-concentration peaks towards the plasma core from 1.5% to less
than 2.4%. The value 2.4% is not reached, because the sawtooth crash appears before
the equilibrium is reached. Thus, the estimate makes clear that the low-Z impurity
gradients do not matter for the investigated discharges compared to other uncertainties.

Third, the electron density peaking in the plasma core is of similar magnitude
than the density bump at mid radius, which is possibly an artefact. Still, the core
localized electron density peaking is thought to be the underlying reason for the strong
peaking of W-concentrations in 83597 and 83603. In 83597, the peaking is clearly real,
as it features an evolution which is nicely aligned with the sawtooth cycles, however,
one may wonder about the magnitude of the peaking. In 83603, the evolution is less
clearly aligned with the sawtooth cycle, as is the W-concentration profile - Both suggests
there is an additional effect at play, which is exactly the claim of the above discussion
section. Namely the MHD activity is postulated to be important. Note that even though
the density measurement is of comparably high quality, the small uncertainties affect
the model results drastically, because due to the strong Z-dependence of neoclassical
transport small changes in the gradient of the normalized ion densities are amplified.
For an impurity charge q, the local ratio of v/D is proportional to q. For W a typical
charge state in the plasma core is q=40-50. The sensitivity of the W-transport on small
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changes of the background profiles is also visible in the following example from ASDEX
Upgrade presented in the next section.

3. Sensitivity of Core Transport of Tungsten Investigated in ASDEX
Upgrade

3.1. Ezperiment and Observations

Fig.4 shows time traces from an AUG discharge in which all parameters are kept as
constant as possible from 3 to 6s. The only parameter that is varied is the deuterium
gas puff, which is ramped down continuously (cf. Fig.4(b)). The applied heating
power is 7.5 MW of NBI and 600kW of central ECRH (cf. Fig.4(a)). The radiated
power including the divertor radiation changes from about 4 MW to 4.5 MW, while
the radiated power in the main chamber increases from about 2.75 MW to 3.75 MW (cf.
Fig.4(a)), which is roughly consistent with the change of the mid-radius W-concentration
from 1.5-107° to 3.0 - 107° (cf. Fig.4(f)). The individual measurements of the W-
concentrations are based on two different spectral emissions. The W-concentration
which is attributed to mid-radius corresponds to the spectral feature at about 5nm
emitted by ion stages between W?'* and W3t while the central W-concentration
measurement is derived from a spectral line emitted by Ni-like W4+ at 0.793nm. The
details of the diagnostic principle can be found in Refs. [27, 20]. Note that the bolometry
cannot separate the effect of ELMs, which usually increases the bolometer signals
compared to the values in between ELMs as can be derived by comparisons to fast diode
measurements. The electron temperatures (cf. Fig.4(c)) and densities (cf. Fig.4(e)) do
not change within the scatter of the data. This is true for the individual chords of the
interferometer, and thus also for their ratio. Also, the electron temperatures close to the
plasma core (r/a = 0.2) do not change. While more central measurements of the electron
temperatures are not available, it is worthwhile to also consider the ion temperatures
as measured by charge-exchange recombination spectroscopy (CXRS)(cf. Fig.4(e)). In
order to reduce the scatter of the data the measurements have been smoothed over 4
data points (i.e. 200ms). The ion temperature measurement at r/a=0.35 indicates
a slight increase, while in the plasma core the profile is comparably flat and from
~5.3s in the discharge the difference between the core T;-measurement (r/a=0.05) and
the measurement at r/a=0.35 becomes slightly smaller indicating a reduction of the
gradients. All these changes are small and are only visible after the data is smoothed,
consistently no change in the stored energy derived from magnetics (W,,;q) is observed
(cf. Fig.4(e)). The plasma rotation as measured by CXRS is also documented in Fig.4(b)
and it is increasing steadily from 3 to 6s by about 20 %, while the whole profile seems
to grow consistently by about the same factor.

At about 4.8s, an increase of W-peaking is observed (from about factor of 3 up
to about a factor of 8-10, as can be derived from the ratio of the core localized W-
measurement compared to the W-measurement that corresponds to about mid-radius.
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Pulse No: 22956, ASDEX Upgrade

£ 8 — =
E(a) Central ECRH (100kW) (e) i i Wy
10jNB| (MW) Radiated Power (MW) 3 Wighg (100KJ) Line—Integrated Density (m™2)
= I - off—central chord
B VAW A VWM 3
E central chord
0 R | N | . g |
(b) Vo (100km/s) @r/a = 0.05 10 )
. ’W 108 central W-concentration
= - 22 3
EViot @r/a = 0.95 D-Gas Puff (107 e/s) mid—radius W—concentration
0 ) X | . 103 . | . | .
C) Tel(keV) 3
35.(C) Te :
TS@r/a=03 E
F s BN AT ALY
WMWWMM : j
y 3 . ' . 18 -3
= E mid-radius C—density (10 °“m™)
20 ‘ fCE@rfa=03 \ ‘ of \ |
CXRS@ r/a = 0.05 E
35 () Titkev) e gE() /A
CXRS@ r/a = 0.25 E _ L |8
'W E radiation peaking m\/\,/” B
W_/\” R Nt A it ey - i
E B ratio of above C—densities 2
CXRS@ r/a=0.35 E I
2.0 . \ er \ . 0] antnnnininaslnininn A SRMARARASARAS ARABASASARARARARAN:
3 4 5 6 3 4 5 6
Time (s) Time (s)

Figure 4. Time traces for discharge # 22956 in ASDEX Upgrade. (a) Power
from neutral beam injection (NBI), central electron cyclotron resonance heating
(ECRH) and radiated power; (b) plasma current and deuterium gas puff for
fueling; (c) Electron temperatures from Thomson scattering (T'S) and electron
cyclotron emission (ECE); (d) Ion temperatures (averaged over 200ms) from
charge-exchange recombination spectroscopy (CXRS); (e) Plasma stored energy
(black) and line-integrated densities as measured by the DCN interferometer on
a central (red) and off-central (blue) chord; (f) W-concentrations derived from
spectroscopy corresponding to ion stages at mid radius and in the plasma core;
(9) C-densities at mid radius and in the plasma core derived from CXRS; (h)
ratio of the above W-concentrations, ratio of the above C-densities and ratio
of the radiation density in the plasma core over bulk radiation density derived
from bolometer chords assuming that accumulation occurs in a central region
with a diameter of about 10cm;

In agreement to that observation, the radiation peaking increases starting at the same
time (cf. Fig.4(h)). The depicted radiation ratio attributes the excess signal of a
central bolometer chord to a region in the plasma core that has a diameter of about
10cm. For considering the low-Z impurities, carbon (C) is investigated by CXRS and
an interpretative code that allows for determining the C-densities from the CXRS-
intensities is applied. The mid-radius C-density is changing by about 10% from 3 to
6s, and at about 4.8s a slight C-peaking (up to factor of 1.4) is visible. In view of the
discussion in the above sections, it should be noted that a regular (1,1)-mode exists in
between sawtooth activity, very similar to the modes observed in 83597. The activity
of that mode is not changing for the full time intervall considered.

3.2. Discussion

It is a common observation (e.g. [28]) that decreasing the deuterium gas puff leads to
an increase of the W-content of the plasma, as the W-screening and the W-sources at
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the edge are both influenced into that direction (e.g. [29, 30]). Thus, the decreasing gas
puff causes the W-content at mid-radius to slowly rise. In the investigated discharge it is
empirically found that the core transport also changes as can be seen by the increasing
core W-concentration, which increases by a larger factor than the W-concentration
at mid-radius (cf. Fig.4(e) and (f)). This effect becomes more enhanced and is well
visible from 5s onwards. It seems only parameters in the plasma core may change,
while outside the only clear changes are the W-concentrations and the radiation. The
interpretation of the observation is that due to the change in gas puff the edge source
of W is increased which affects the radiation losses in the whole volume of the confined
plasma. The radiation losses may be interpreted as negative heating power, thus, they
lead to a decrease of electron temperature and its gradient. Unfortunately, the central
application of ECRH prevents a central ECE measurement and the TS observation does
not cover the very core of the plasma, but via heat transfer between electron and ions
this effect is visible on the ion temperature which slowly and mildly decreases after 5.0s
relative to the value at r/a=0.35.

This decrease might also be so small, because the local radiation within r/a=0.2
leads to losses of about 100kW at about 5s in the discharge, while 600kW of ECRH and
a few 100kW of NBI heating are deposited in the same volume. In order to understand
the correlation of temperature gradients and heat flux it is necessary to quantitatively
understand the turbulent state and onset thresholds for different types of turbulence.
From the obtained measurements the exact causality is difficult to derive, as any effect,
even the strongest one, i.e. radiation, will influence transport via the kinetic profiles
which hardly change. Additionally, also rotation which is exhibiting a 20 % change may
influence the core transport (cf. [31]), while typically the effect of rotation is considered
small, it may become important in a situation where all changes in the plasma are
small. However, it is worthwhile noting that turbulent transport is known to have a
threshold in the temperature profiles, which makes a connection between temperature
gradients and a strong transport change most plausible. However, the transport change
takes place close to the magnetic axis (inside of r/a=0.2), where a high-quality analysis
of turbulent transport is not possible due to the sensitivity of the transport codes
on details of the kinetic profiles, while the measurements in the plasma core yield
typically considerable uncertainties or are sparse. Note that a small change of the
temperatures may affect the transport drastically, which again emphasizes the challenge
to quantitatively predict and detect the conditions that lead to W-accumulation. As
the transport change shows up very clearly for W and much weaker for C, a Z-scaling
as observed for neoclassical transport seems to apply, which puts also an explanation
in favour that describes a transition towards neoclassical transport. It should be noted
that, after W-accumulation is established (not investigated here) flat or even hollow
temperature profiles are observed and a change in transport (e.g. [32]) supporting the
transport causing the accumulation is a well accepted fact.

Support of this transport mechanism is also provided by earlier ivestigations which
documented a clear correlation between heating and transport as the core transport
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could be influenced by localized heating [9]. In fact, it is rather the findings of other
work (also [32]) that documented the importance of core radiation also for the onset
of W-accumulation. The actual work demonstrates that the onset of W-accumulation
relies on tiny changes within the confined plasma suggesting that these are encountering
a threshold at which the W-transport turns instable. Note that the change of transport
happens even though the radiated power is clearly much smaller than the core localized
heating power giving rise to the speculation that other parameters are also playing a
role.

4. Summary and Conclusions

The core transport in type-I ELMy H-modes has been investigated for JET plasmas with
a plasma current of 2 MA, toroidal field of 2.7 T, a fueling gas puff of 1022 m~3 and about
16MW /14.5MW of beam heating. One plasma with central ICRH has been compared
to a plasma without central [CRH. The plasma without ICRH yields a strong increase of
the W-concentration from about 3- 107> up to 1073 within r/a = 0.3 during a sawtooth
cycle and the sawtooth crash results in an approximately flat W-concentration profile.
However, the uncertainties affect the neoclassical transport coefficients considerably,
because small uncertainties in the electron measurements translate into big uncertainties
for the neoclassical transport coefficients due to the strong charge dependence of the
latter. When adding central ICRH the W-content of the plasma at r/a=0.45 and r/a=0.3
increases to about 107* and the central excursions of the W-concentrations become
much smaller. For the same discharge the transport in between sawtooth crashes has
phases which feature transport roughly consistent with neoclassical theory, but also
has phases with outward transport clearly not consistent with neoclassical theory. The
outward transport is best explained by an increased diffusive transport (0.5 m?s™!)
or a temporary outward convection (~0.2ms™!). Due to the immediate correlation
between a change of transport and a change of MHD activity (from regular (1,1)-mode
to fishbones) the underlying reason for the different transport is attributed to the mode
activity rather than to effects from turbulent transport or neoclassical transport. A slow
change of the transport coefficients within the sawtooth cycle is also an option, still the
start of the change correlates with the change in MHD.

From ASDEX Upgrade a discharge is presented in order to shed light on mechanisms
that trigger W-accumulation in the core. In the discharge the heating, electron density
and electron temperatures stay constant within the experimental uncertainties, while
the fueling gas puff is slowly reduced. This causes a rise of the net W-influx at the
edge of the confined plasma which is observed via a rise of the W-concentration at
mid radius by a factor of about 2. The monitoring of the C-impurity reveals that its
density at mid-radius rises only slightly and less obvious by about 10 %. At a certain
time point the W-transport changes producing steeper W-concentration gradients in
the plasma core, while the low-Z impurities show also weak signs of peaking, which
suggests that there is a Z-dependence of transport. During this time interval the core
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localized ion temperature measurement seems to be less peaked in agreement with the
idea that a flattening of temperature profiles goes along with less anomalous transport,
while the neoclassical transport could give rise to a Z-dependent inward transport. The
changes are most obvious in the W-concentration and connected radiated power, and
the W-peaking, while all other changes are close to the detection limit. The change
of core transport is ultimatively achieved by the change of the plasma edge, while the
plasma outside of r/a=0.2 is hardly affected at all. However, the exact causality is
hard to disentangle. The most obvious change is the increasing W-concentration which
may lead to a decrease in core electron temperatures, which is only visible via the
ion temperature changes and which seems to be rather subtle. Possibly this causes
the change of W-transport leading to the W-peaking, however there are other subtle
changes happening in the plasma profiles such as rotation. As an obvious conclusion
the onset of W-accumulation is identified as a process that is hard to predict, because
a well stable plasma is turned into an unstable plasma, while the changes in plasma
profiles are subtle.

In conclusion, the W-transport in the plasma core has been investigated and the
limitations of the interpretation for both analyses exist mainly due to the fact that
small changes of plasma profiles result in a large effect of the W-transport. While
the driving mechanisms may be identified in today’s devices, still the quantitative
understanding of the transport effects are limited, e.g. for predicting the necessary
mode activity to prevent W-accumulation in the core and the interaction between mode
activity, turbulent transport and neoclassical transport. This also limits the predictive
capabilities for future plasmas, as the prediction of the background profiles for future
devices is mainly based on scaling laws.
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