Plasma Physics and Controlled Fusion

Related content

PAPER

Theoretical description of heavy impurity transport
and its application to the modelling of tungsten in
JET and ASDEX upgrade
To cite this article: F J Casson et al 2015 Plasma Phys. Control. Fusion 57 014031

- Tungsten transport in JET H-mode
plasmas in hybrid scenario, experimental
observations and modelling
C. Angioni, P. Mantica, T. Pütterich et al.
- A comparison of the impact of central
ECRH and central ICRH on the tungsten
behaviour in ASDEX Upgrade H-mode
plasmas
C. Angioni, M. Sertoli, R. Bilato et al.
- Ion cyclotron resonance heating for
tungsten control in various JET H-mode
scenarios
M Goniche, R J Dumont, V Bobkov et al.

View the article online for updates and enhancements.

Recent citations
- The physics of W transport illuminated by
recent progress in W density diagnostics
at ASDEX Upgrade
T Odstrcil et al
- Compact advanced extreme-ultraviolet
imaging spectrometer for spatiotemporally
varying tungsten spectra from fusion
plasmas
Inwoo Song et al
- On a gas electron multiplier based
synthetic diagnostic for soft x-ray
tomography on WEST with focus on
impurity transport studies
A. Jardin et al

This content was downloaded from IP address 194.81.223.66 on 22/11/2017 at 12:00

Plasma Physics and Controlled Fusion
Plasma Phys. Control. Fusion 57 (2015) 014031 (10pp)

doi:10.1088/0741-3335/57/1/014031

Theoretical description of heavy impurity
transport and its application to the modelling
of tungsten in JET and ASDEX upgrade
F J Casson1,2, C Angioni2, E A Belli3, R Bilato2, P Mantica4, T Odstrcil2,
T Pütterich2, M Valisa5, L Garzotti1, C Giroud1, J Hobirk2, C F Maggi2,
J Mlynar6, M L Reinke7, JET EFDA Contributors8 and
ASDEX-Upgrade Team9
JET-EFDA, Culham Science centre, Abingdon, OX14 3DB, UK
1
CCFE, Culham Science Centre, Abingdon, Oxon, OX14 3DB, UK
2
Max-Planck-Institut für Plasmaphysik, Garching, Germany
3
General Atomics, PO Box 85608, San Diego, CA 92186-5608, USA
4
Istituto di Fisica del Plasma, CNR/ENEA, Milano, Italy
5
Consorzio RFX-CNR/ENEA, I-35127 Padova, Italy
6
IPP.CR, Inst. of Plasma Physics AS CR, Prague, Czech Republic
7
University of York, Department of Physics, Heslington, York, YO10 5DD, UK
Received 26 June 2014, revised 11 September 2014
Accepted for publication 24 September 2014
Published 28 November 2014
Abstract

The effects of poloidal asymmetries and heated minority species are shown to be necessary
to accurately describe heavy impurity transport in present experiments in JET and ASDEX
Upgrade. Plasma rotation, or any small background electrostatic field in the plasma, such as
that generated by anisotropic external heating can generate strong poloidal density variation
of heavy impurities. These asymmetries have recently been added to numerical tools
describing both neoclassical and turbulent transport and can increase neoclassical tungsten
transport by an order of magnitude. Modelling predictions of the steady-state two-dimensional
tungsten impurity distribution are compared with tomography from soft x-ray diagnostics.
The modelling identifies neoclassical transport enhanced by poloidal asymmetries as the
dominant mechanism responsible for tungsten accumulation in the central core of the plasma.
Depending on the bulk plasma profiles, turbulent diffusion and neoclassical temperature
screening can prevent accumulation. Externally heated minority species can significantly
enhance temperature screening in ICRH plasmas.
Keywords: tokamak, impurity, transport, neoclassical, validation, modelling, tungsten
(Some figures may appear in colour only in the online journal)

1. Introduction

ASDEX Upgrade (AUG) tokamak and the recently installed
ITER-like wall (ILW) at JET. Since tungsten and other high-Z
ions radiate strongly, their concentration in a fusion plasma
must be minimised and central accumulation must be avoided
to ensure stable operation and good performance. For ITER
scenario planning, it is therefore vital to have an understanding of impurity transport underpinned by comprehensive
theoretical models [1]. As a prerequisite for reliable predictions, it is important that these models be quantitatively validated against existing experiments.

Tungsten (W) has good properties as a plasma facing component due to its high heat tolerance, low erosion rate and low
hydrogen retention. Tungsten will be used in ITER, is a candidate material for a fusion reactor and is presently used in the
8
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Due to their large mass and charge, heavy impurities such
as W experience strong inertial and electrostatic forces, with
the result that their densities are not flux functions, but have
strong poloidal asymmetries. In a rotating plasma, the centrifugal force (CF) is well known since [2, 3] to cause impurity localisation on the low field side (LFS). The associated
increase in neoclassical transport has long been worked out
in analytic models, [2, 4–9] but has not usually been included
in the numerical tools used for scenario modelling and validation studies [10, 11]. More recently, temperature anisotropies in a minority species heated by Ion Cyclotron Resonance
Heating (ICRH) have been observed to create a poloidal electric field leading to high field side (HFS) localisation of heavy
impurities [12, 13]. The theory of ICRH induced anisotropy
has since been clarified [14] and impurity transport theories
have been extended to account for these effects [15–20].
For light impurities, where turbulence dominates neoclassical transport, model validation is progressing well [21–25].
Meanwhile, results from the JET-ILW have renewed interest
in heavy impurity transport and now motivated the application [26] of the transport codes gkw [27] and neo [28, 29]10
which both include comprehensive treatments of poloidal
asymmetries [30, 31].
The first validation of the gkw + neo model for heavy
impurities was made in [26], in which the model quantitatively explained the evolution of core W in the JET hybrid
H-mode (NBI heating only). There, neoclassical transport enhanced by CF effects was shown to be the primary
cause of W accumulation (defined here as strongly peaked
W profiles in the central core) and the need to include
poloidal asymmetries in the impurity transport models was
demonstrated.
In this work, gkw + neo model validation is extended by
application to the improved H-mode scenario with current
overshoot in AUG (section 4) and the ICRH heated baseline
H-mode in JET (section 5). New minority heating effects are
included in the model for the JET cases, where central ICRH
heating can prevent central W accumulation [32–34] and can
reverse the sign of impurity convection [11, 35]. Predicted 2D
impurity density distributions are compared with tomography
from soft x-ray diagnostics. Section 2 outlines the effects
of poloidal asymmetries on neoclassical transport, section 3
describes the modelling setup and new results are presented in
sections 4 (AUG) and 5 (JET).

poloidal density distribution re-weight this average, changing
both the sign and magnitude of the net flux [2, 4–9]. We use
the model for poloidal asymmetries, presented in [14]; solving
the parallel force balance, an anisotropically heated species
approximated by a bi-Maxwellian (with T∥, T⊥) has poloidally
varying equilibrium density
n (θ ) = nR0
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where θ is poloidal angle, Ω is plasma angular rotation frequency, R is major radius, R0 represents LFS values and
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A minority species with T⊥ > T∥ is localized on the LFS and
creates a poloidally varying potential Φ which pushes high Z
impurities towards the HFS (if stronger than the centrifugal
force). Equation (1) is also valid for all isotropic species,
which have T⊥/T∥ = T⊥(θ)/T⊥R0 = 1. Both gkw and neo solve
for Φ for an arbitrary number of species using a quasi-neutral
root-finding algorithm [36].
Neoclassical impurity transport theory has recently been
updated to elaborate the case of HFS impurity localisation
[18]: When trace impurities are in the deep Pfirsch–Schlüter
(PS) regime and Deuterium is in the Banana regime, the
neoclassical impurity transport (with a simplified collision model valid at large aspect ratio) can be summarized
as [18]
⎡ ⎛ R
1 R
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R⟨Γ neo
+
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where fc is the circulating (non-trapped) fraction and PA, PB
are geometrical factors related to the poloidal asymmetry




2. Impact of poloidal asymmetries on
neoclassical transport
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For clarity, we have here re-introduced the diffusive term
which is ordered small at large Z (and was dropped in [18]).
The usual neoclassical pinch, temperature screening and diffusion (respectively) then appear multiplied by the factor PA. In
addition, a term ∝ PB is present, which reduces the temperature
screening, with the coefficient 0.33 applying in the trace limit
with D in the Banana regime. For the poloidally symetric case,
PA = 1, PB = 0 and standard neoclassical impurity transport is
recovered.
In [18], the asymmetry factors PA, PB, were calculated for
a circular plasma in the limits of weak and strong poloidal

In this section, we summarize the (significant) effects of
poloidal asymmetries on neoclassical transport. The asymmetry effects on turbulent transport are also included in our
gkw modelling, but their impact on turbulence is less dramatic (see figure 4) and can go in both directions, due to subtle
interactions between kinetic profiles and magnetic field shear
[15–17, 20].
Neoclassical transport is a flux surface average of local flux
vectors which reverse sign from HFS to LFS, so changes in the
10

T⊥ (θ )
·
T⊥ R0

NEO should not be confused with NEOART, another neoclassical code.
2

F J Casson et al

Plasma Phys. Control. Fusion 57 (2015) 014031

JET 85307
12

JET 85307
6

(a)

8

4
PB fc

5

PA

10

6
No CF or RF
CF only
CF and RF

4
2
0

(b)

No CF or RF
CF only
CF and RF

3
2
1
0

0

0.2

0.4

0.6

0.8

1

0

r/a

0.2

0.4

0.6

0.8

1

r/a

Figure 1. Poloidal asymmetry geometrical factors PA and PBfc for neoclassical transport for the JET case with central ICRH in section 5.
Poloidal asymmetries can be generated by rotation (CF) or minority heating (RF).

dependence, it is clear that there is no simple scaling fix for
less sophisticated neoclassical models that exclude CF effects
and that poloidal asymmetries cannot be neglected in calculations of heavy impurity transport.
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We model steady-state H-mode plasmas using gyrokinetic
and neoclassical models including both the rotation-induced
and anistropy-induced poloidal asymmetries discussed above.
The turbulent transport is computed with the gyrokinetic code
gkw [27] including all rotational effects [16, 30, 38, 39],
here run in its local, quasilinear (6 modes) and electrostatic
limits. The neoclassical transport is computed with the local
drift kinetic code neo [28, 29, 31]. In both codes, ions, electrons and impurities are all modelled kinetically, with W in the
trace limit (this limit is valid for the W concentrations < 10−4
in these shots [26]). At each radial location, the W impurity
is modelled in a single average charge state ZW between 24
(edge) and 46 (core) of the coronal equilibrium (the charge
state range is narrow ΔZ < 5 at the relevant Te). In GKW, Zeff
is used only in the collision operator and other impurities are
omitted; in AUG and JET-ILW the plasma is clean (Zeff < 1.3),
dilution is ∼10% and its effects are negligible in the quasilinear ratios [40]. For neo, an additional species Be (for JET)
or B (for AUG) is included to match the measured Zeff profile.
For the JET cases, the hydrogen minority is also present in
all simulations at concentrations determined from the isotope
shift in the edge Balmer-α spectroscopy.
The trace limit allows linearisation of the W transport and
is appropriate for most conditions, since W concentrations
are usually small (nW/ne < 10−4 at LFS), except at the end of
extreme accumulation phases [26, 32]. The impurity transport is then linearly decomposed into convective and diffusive
components

−1

10

ti

Figure 2. Collisionality scan of the NEO-only peaking factor
(R / L nW = − RVW/DW) at mid-radius for the JET hybrid case
presented in [26], both with and without centrifugal effects. The
vertical lines indicate the collisionality in hybrid (dashed) and
baseline (solid) H-modes.

asymmetries. Here, we present the values in full geometry, with
realistic anisotropy calculated by gkw (figure 1) for the JET
NBI + ICRH case in section 5. From PA (figure 1(a)), it is evident that CF effects greatly increase the neoclassical pinch and
diffusion; from PB (figure 1(b)) it is clear that the neoclassical
V/D ratio can also be changed, since the extra fcPB term (largest
at small r/a) reduces the effective temperature screening relative to the other terms (figure 2): At high collisionality, with W
in the deep PS regime, [18] applies and the effective temperature screening is reduced by CF effects, making the convection
more inward. At lower collisionality, as the impurities move
out of the PS regime, [18] no longer applies and the numerical neo results show that the CF effects can reverse sign and
reduce the neoclassical R / L nW = −RVW / D W (which might be
beneficial in a hotter reactor). For JET H-modes, typical collisionalities are marked in figure 1 and indicate that the JET
hybrid scenario in [18] is close to a crossover where R / L nW
is not significantly affected by the CF effects (although both V
and D are increased by an order of magnitude). For the AUG
improved H-mode in section 5, the collisionality is similar
to the JET hybrid, but the parameters differ such that the CF
effects decrease R / L nW. For the JET baseline H-mode (as in
section 5 and [37]), the CF effects (PB term) reduce temperature screening and increase R / L nW, with a stronger effect at
smaller minor radius. Given this collisionality and parameter

R

ΓZ
R
R
= DZGKW
+ DZNEO
+ RV ZGKW + RVZNEO
L nZ , R0
L nZ , R0
nZ

(6)

which are extracted from the two codes using the fluxes of trace
species with different gradients. For a poloidally asymmetric
3
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distribution, R / L nZ depends on θ; in equation (6) we use the
value defined at the LFS (most convenient for the codes). This
choice also defines D and V; for transport codes which use flux
surface averaged densities, post-processing transformations
for D and V are required (defined in [26]). The kinetic profiles
and rotation of the bulk plasma (and minority, in section 5) are
modelling inputs and the four transport coefficients in equation (6) are outputs. The modelling then combines turbulent
and neoclassical transport channels using the anomalous heat
diffusivity χian from an interpretive power balance calculation
(here using jetto [41, 42] or astra [43]) to normalize the two
transport channels relative to each other [22, 24, 26]. The ratio
of combined convection to combined diffusion is a prediction
of the steady-state impurity logarithmic density gradient at the
low field side

1.6s
1.7s
1.8s

T [keV]

Ti
10
5

T

e

6
4

e

n [19 m−3]

0

2
0

(7)

0.4
Mach D



χi an RVZ GKW RVZ NEO
+
·
χi NEO χi GKW
χi NEO
R
=−
.
χ
D
D
L nZ
i an
· Z GKW + Z NEO
χi NEO χi GKW
χi NEO

AUG 26337
15

The modelling is performed at up to 20 radial locations from
r/a = 0.02 to r/a = 0.85. Given a boundary value, the LFS density gradient is integrated across the profile to predict a LFS
impurity profile. Finally, the poloidal variation is integrated
using the outputs of the quasi-neutrality solver and equation (1), to produce a 2D prediction of the impurity distribution. For comparison to soft x-ray (SXR) measurements, the
SXR emission is forward modelled by a simple multiplication
with a Te-dependent cooling factor and the ne profile.
To finish this section, we offer some general comments
on the modelling sensitivities. An example sensitivity test
is shown in figure 7, but we do not have space to present
detailed sensitivity studies here. The key sensitivities are to
the logarithmic gradient inputs of bulk ion density ni ∝ ne
and temperature Ti, which determine both turbulent stability
and neoclassical transport. In the method described above,
the usual sensitivity of turbulence to gradients is removed by
the power balance normalisation, but in the marginally stable
region, changes in the gradients can move the turbulence
boundary by ∼± 0.1 r/a; in this region, if the micro-instabilities are stable but the power balance transport is anomalous,
only neoclassical transport is used, on the assumption that
the instability thresholds are more accurate than the power
balance calculation. In these plasmas, the dominant microinstabilities are always ITG modes, so that once unstable,
the quasilinear turbulent transport ratios are robust to 10%
changes in input gradients. In regions with turbulent diffusion, the W profile is always relatively flat and is not sensitive to the details of the GKW simulations; the details of
the neoclassical convection and the boundary between neoclassical and turbulent regions have a greater effect on the
profile predictions.
In our experience, the central region of the plasma r/a < 0.3
is particularly challenging for quantitative validation for a
combination of reasons: In this region, where turbulence is
usually absent, the delicate balance between density and temperature gradients (∼ R / L n − 0.5R / L Ti ) makes neoclassical

0.3
0.2
0.1
0

0

0.2

0.4

0.6

0.8

1

r/a
Figure 3. Input profiles for simulated timeslices in AUG 26337,
with indicative error bars for selected points. Mach no. and Ti
are measured by charge exchange, the density is inverted from
interferometry, Te is measured by electron cyclotron emission.

convection very sensitive to input profiles. Kinetic measurements in the deep core (vital as inputs for these simulations)
are often unavailable or inaccurate and the profile fits are particularly sensitive to the choice of boundary conditions and the
location of the magnetic axis in the equilibrium reconstruction. The steady-state required for simple profile prediction
cannot be reached in the presence of sawteeth. The validity of
the neoclassical model close to the axis (often questioned) is
a relatively minor problem by contrast: in the JET cases presented here the size of the potato orbit region is around 1 cm
for D and 0.4 cm for W.

4. W transport under NBI heating, ASDEX
upgrade improved H-mode
In this section we present modelling of the AUG improved
H-mode discharge 26337 presented in [44]. In these discharges, the ‘current overshoot’ ramp-up technique is used
to produce a very flat central q-profile ∼ 1 and a transient
period of improving confinement. Tungsten is not observed to
accumulate, suggested in [44] to be due to the enhancement
of neoclassical transport due to the rotation. To examine this
hypothesis, we model three time slices at the start of the current
flattop (ELM-free H-mode), during which the confinement is
4
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Figure 5. Comparison of tomographic inversions of SXR emission
with Brehmstrahlung subtracted (top left) and W SXR emission
forward modelled from the predicted W distribution (bottom
left) for t = 1.6 s of AUG 26337. The maximum value is used
to normalise the modelled result to the tomography. (right) The
same data is cut horizontally through the magnetic axis (all three
timeslices). For t = 1.7 s, modelling excluding CF effects and
temperature screening is also shown.
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Figure 4. Predicted W transport coefficients (LFS) and R / L nW for
AUG 26337 at t = 1.6 s, with additional simulations excluding the
centrifugal force (No CF) and excluding neoclassical temperature
screening (No TS).

the radial gradients and poloidal structure of the radiation and
provides an additional qualitative validation of the model. In
the earliest phase, the SXR near the axis is undergoing a fast
transient and has not yet reached the predicted steady-state.
For the later two phases, following the sensitivity discussion
in section 3, uncertainties in the core ni profile are enough to
account for the remaining differences between prediction and
tomography near the axis. The disagreements at the HFS are
thought to be due to inaccuracies in the rotation measurement
causing an overestimate of the predicted asymmetry.
To investigate the components of the model that are
required, additional simulations are presented (see figure 4):
When CF effects are removed, the neoclassical transport
drops by an order of magnitude and no longer dominates the
turbulent transport, while the turbulent transport is relatively
unaffected. If instead the temperature screening is removed,
(and CF effects are kept), the neoclassical transport remains
enhanced but reverses sign, which would lead to strong central
accumulation. In removing either effect, the comparison to the
tomography shows qualitative disagreement (also figure 5),
indicating that both components are essential to the model.
To summarize, this case provides a further validation of
the gkw + neo model, in an advanced scenario with strong
rotation, strong temperature gradients and weak density
gradients. Improved confinement is usually associated

improving as the NBI power is stepped up (t = 1.6 s: 5 MW,
t = 1.7 s: 7.5 MW, t = 1.8 s: 10 MW). The density profile is
quite flat but the temperature profile is strongly peaked, with
maximum peaking at 1.7 s. (figure 3). The low densities and
high NBI power (much larger than the 800 kW central ECRH)
result in large plasma rotation, with some of the highest
thermal Mach numbers (MD = ΩR / 2TD / mD ) for AUG,
reaching 0.3–0.4 in the core.
The predicted transport coefficients in figure 4 show that
these inputs lead to a strongly outward neoclassical convection
over the whole profile, which dominates turbulent convection
for r/a < 0.7. For the diffusive transport, the turbulence dominates from r/a > 0.45.
To validate these predictions, we compare predicted soft
x-ray (SXR) emission (forward modelled from the predicted
2D W density) with SXR tomography with Bremsstrahlung
radiation subtracted (for the modelled region only), under the
assumption that W dominates the remaining emission [45].
Here, high quality SXR tomography is made possible by the
high temperatures in this shot (in cooler AUG plasmas W
emission falls below the filter cut-off at ∼2 keV) and the recent
application to AUG of the tomographic method described in
[46]. In the LFS outer half of the plasma, the comparison in
figure 5 shows agreement well within the uncertainties in both
5
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Figure 6. Input profiles for the JET modelling, with indicitive selected data and error bars. ne and Te are measured by Thompson scattering

(LIDAR), Ti and Vtor are measured by charge exchange. (Bottom left) H minority temperatures produced by TORIC-SSFPQL for the ICRH
case, inner radii only (the case 85307H is with half ICRH power).

with impurity accumulation [26] but this case provides a
transient counter-example in which neoclassical temperature screening alone can trap W in the outer LFS region
of the plasma. In this brief phase, neoclassical transport
dominates over the entire profile but core W accumulation
is avoided.
The present case contrasts with the picture for the stationary
standard H-mode in AUG in which central ECRH prevents W
accumulation by increasing turbulent impurity diffusion [47–
49]. The present work deals with a different scenario and does
not invalidate the explanation of [48, 49]. However, future
modelling with gkw + neo (including poloidal asymmetries)
should revisit the AUG standard H-mode with and without
ECRH to accurately quantify its influence on the components
of W transport.

The model for poloidal asymmetry of W induced by anisotropic heating of the minority species (section 2) requires
inputs of T∥ and T⊥ for the minority species. These are not
measured directly, but are simulated for 85307 using the
the wave code toric [50] iteratively coupled [51] to the
Fokker–Planck solver ssfpql [52]. The simulations were
performed for a pure plasma using the same kinetic profiles and full geometry as the gkw + neo simulations, with
additional inputs of ICRH power, frequency and antenna
phasing. The minority temperature after the collisional
slowing down is a nonlinear function of the absorbed
power per particle. These simulations do not include the
interaction of NBI with ICRH, which may reduce the temperature and the anisotropy of the minority, or finite orbit
effects, which may widen the deposition profile and reduce
the gradients.
The modelling inputs are shown in figure 6. Discharge
85307 has hotter electrons in the core, since more ICRH
power goes to the electrons, but Ti, which determines the W
transport, is similar. The higher rotation and more peaked density in 85308 are the key differences which determine the different predictions in figures 7 and 9(a) and (b). Also shown in
figure 6 are the anisotropic H minority temperatures produced
from toric-ssfpql.
In the first stage of modelling, the simulations included
CF effects only (with TH = TD), as in the previous section.
Both predicted profiles show central W peaking (figure 7),
enhanced by CF effects due to the reduction in temperature
screening relative to the pinch. The CF effects have a slightly

5. W transport under ICRH and NBI heating,
JET baseline H-mode
In this section we model W in a pair of JET baseline H-modes
in an ICRH power scan. These shots are a follow-up to [11],
where it was observed that central ICRH can reverse central
impurity convection from inward to outward. The discharges
have approximately the same total heating power; 14.7 MW
NBI with 4.9 MW central ICRH in 85307 and 19.1 MW NBI
in 85308 and both include an H minority at ∼9% concentration. In both cases the time selected for modelling was just
prior to a sawtooth crash.
6
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larger impact in 85308 due to the larger rotation (figures 9(a)
and (b)). Without CF effects, the neo-only R / L nW closely follows a simple neoclassical estimate ∝ R / L ni − 0.5R / L Ti for
the PS regime; already here we see that 85308, without ICRH,
shows stronger central peaking for two reasons: First, the
lower Ti gradients between 0.2 < r/a < 0.4 give a boundary of
the turbulent region at larger r/a and second, the more peaked
density profile increases the inward neoclassical convection.
(The reasons for the more peaked density profile in 85308 are
not investigated in this work, but are likely due to less central
turbulence offsetting the Ware pinch and an increased particle
source from NBI [33, 53].)
For 85308, without ICRH, the 2D W SXR prediction
shows good qualitative agreement with the interpreted SXR
tomography (figure 8) using the tool developed for [32, 54].
For the reasons discussed in section 3 (particularly the presence of large sawteeth), the comparison does not show the
same level of quantitative agreement over the full profile as
the AUG results above, but nevertheless demonstrates that, for
the case without ICRH, the model including CF effects correctly predicts W accumulation.
In contrast, for 85307, with CF effects only, the centrally
peaked density profile does not agree with the tomography
(figures 11(a) versus (d)) and indicates a possible missing
piece in the modelling, motivating the progressive inclusion
of the minority heating effects (figure 9(c)):
First, the effective isotropic minority temperature from
toric-ssfpql is added to the minority species which is kept
isotropic with Teff = (T∥ + 2 T⊥R0)/3. For the gkw simulations, the increased minority temperature gradient shifts the
stability boundary slightly inward, but the impact is much
larger on the neoclassical transport. The heated minority
does not change the neoclassical diffusivity (figure 9), but
switches the neoclassical convection to strongly outward in
the region of the ICRH absorption (0.1 < r/a < 0.3), due to
an additional temperature screening from collisions between
W and H. Notably, this additional temperature screening
becomes negative at r/a < 0.1, in exactly the region where
R / L Teff < 0 for the minority. The ion-impurity friction which
drives temperature screening [18] scales as ∝ niTiνiZ R / L Ti.
For the H–W and D–W collisions with ZW = 46, these parameters are given in table 1 and demonstrate that the minority
H contributes a screening of the same order of magnitude
as the bulk D at r/a = 0.2 − 0.25, effectively doubling the
strength of the screening. We note that at the very high TH, the
minority collisions decouple (in both table 1 and figure 9) and
the maximum minority screening effect is not at the ICRH
resonance at r/a = 0.07, but at the edges of the heated region.
For this reason, this additional screening is very sensitive
to the exact details of the minority temperature profile from
toric-ssfpql.
Second, the minority is made anisotropic using the simulated T∥, T⊥ as inputs to the model of equation (1). The result
(figure 9(c)) is a strong reduction in neoclassical diffusivity, as
expected from section 2, due to the reduction of the PA factor
(figure 1). Additionally, the minority temperature screening
effect is strongly enhanced in the regions where PA ≫ 1. In
these regions, the CF asymmetry dominates, producing LFS

Figure 7. Predicted R / L nW (top) and integrated nW profiles
(bottom) for JET 85308 w/o ICRH (red) and 85307 with ICRH
(blue), with CF effects but no ICRH minority effects. (top) For
85308, the red band indicates sensitivity to ± 10% changes in both
R / L ni and R / L Ti inputs. A simple analytic estimate of neoclassical
peaking (dots) closely follows the NEO result w/o CF effects
(dashes).
JET #85308, t = 10.35 s
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Figure 8. Comparison of predicted and interpreted SXR emission
from W for JET 85308 (NBI only). The predicted scale is
normalised to the interpreted value at the central maximum.

W localisation, so both W and H are localised on the LFS,
increasing their local collision frequency and amplifying the
minority temperature screening effect (the details of this synergy remain to be clarified).
The end result of the additional temperature screening is to
significantly flatten the central W profile (figure 10) with the
reversal of the minority temperature screening even causing
a second, central, peak in qualitative agreement with the
tomography (figures 11(b) and (d)). The effects of the anisotropy (figure 11(c)) appear to overly exaggerate the dip in
nW close to the axis. Given the lack of finite orbit effects in
toric-ssfpql, both minority effects in our results should be
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Figure 9. Predicted W transport coefficients for the JET cases. For 85307, results include CF effects only (TH = Ti, middle), CF + heated
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Table 1. Comparision of parameters in ion-W screening for collisions with H and D ions. For readable numbers, nW = 1019 m−3 (arbitrary)

was used for νiW.
Ion

r/a

ni [10 m ]

Ti [keV]

R
L Ti

H
H
H
H
D
D
D
D

0.10
0.15
0.20
0.25
0.10
0.15
0.20
0.25

0.664
0.658
0.650
0.642
6.72
6.65
6.57
6.49

63.5
45.2
7.76
3.48
3.26
3.13
2.97
2.79

30.7
50.3
97.8
37.5
2.16
2.99
3.76
4.21

19

−3

nW at LFS, normalized to B.C.

GKW + NEO Iso TH = Ti
GKW + NEO Iso TH = Teff

2.5

GKW + NEO Aniso H

2

niTi

0.0016
0.0032
0.1038
0.5156
0.61
0.66
0.70
0.80

2.1
4.7
51.2
43.3
29.0
41.6
52.1
61.3

νi W R
vth,i / R L Ti

coefficients in time evolution of W integrated modelling. The
minority screening effect combined with the anisotropy may
also explain the strong Mo peaking at r/a = 0.55 in [20]; in that
case, if PA is negative due to the HFS impurity localisation, all
neoclassical transport including the minority screening would
reverse; we leave confirmation for future work. These effects
should also be quantified for NBI fast ions.

85307 10.9s
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6. Conclusions

0.9

r/a

In this work, we have modelled turbulent and neoclassical
heavy impurity transport using theory-based numerical tools
(gkw and neo respectively) with comprehensive treatment of
poloidal asymmetries, to predict core W distributions in JET
and AUG. Our results demonstrate that the impact of poloidal
assymetries on neoclassical convection depends strongly on
collisionality and plasma gradients, such that models which
exclude these asymmetries cannot be used to accurately
describe heavy impurity transport.
In the ASDEX-Upgrade improved H-mode with current
overshoot, the flat density profiles mean that neoclassical temperature screening is sufficient to prevent accumulation and

Figure 10. Comparison of LFS predicted profiles for JET 85307

with ICRH minority effects (labels as in figure 9). The dashed
curves indicate simulations with half ICRH power using the input
labelled 85307H in figure 6.

considered an upper estimate. In sensitivity tests with half
ICRH power we observe that the minority effects are qualitatively robust (figure 10).
We note that the ICRH minority effects described here
are consistent with the reversal of the convection described
in [11]; future work will compare DMo and VMo predictions
to laser blow off fits and should include these transport
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Figure 11. Comparison of predicted and interpreted (d) SXR emission from W for JET 85307 (NBI + ICRH). From left to right the

predictions include: CF effects only (a), CF effects with heated isotropic minority (b) and CF effects with heated anisotropic minority
(NEO only) (c). The predictions are normalised to the interpreted value at r/a = 0.35, in the outer LFS maximum.

trap W in the outer half of the plasma. Here, centrifugal effects
decrease W peaking and enhance neoclassical transport by an
order of magnitude such that it dominates impurity turbulent
transport over most of the plasma radius.
In JET baseline H-modes, centrifugal effects increase W
peaking, in contrast to the hybrid scenario in which their
effect on the overall peaking is smaller [26]. With ICRH,
the strong minority heating enhances neoclassical impurity temperature screening and reverses the convection in
the region of the ICRH (in agreement with [11]). In addition, the anisotropy-induced poloidal asymmetry reduces
neoclassical impurity diffusivity and the minority-impurity
temperature screening may be enhanced when both species
are localised at the LFS. These effects are complementary
to flatter density profiles and a wider region of turbulent diffusion in ICRH plasmas, which all help to prevent central
W accumulation.
Comparing our predictions with tomographic inversions from soft x-ray measurements, we have demonstrated
further validation of these models over a greater range
of plasma conditions. This validation re-emphasizes that
poloidal asymmetries are an essential ingredient for accurate modelling of (particularly neoclassical) heavy impurity
transport. Additionally, we have shown that the temperature gradients of externally heated species can contribute
significantly to impurity temperature screening and should
also be included in neoclassical modelling. Experiments
with off-axis heating may be able to further probe and isolate these effects.

opinions expressed herein do not necessarily reflect those of
the European Commission.
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