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Observations in JET hybrid scenarios show that early termination of the plasma can be caused
by tungsten accumulation events, sometimes preceded by long living MHD perturbations [1].
Of concern in this work are non-resonant 1/1 kink modes, though it has been observed that
NTM islands also cause impurity accumulation [2]. Here we report on work done to understand
the effect of ideal 3D saturated MHD (1/1 kink) and strong flows on heavy impurity trans-
port. Previously [4] 1/1 kink modes and toroidal rotation were consider in the Pfirsch-Schliiter
regime. We generalize this work to include self consistent neo-classically resolved 3D flows,
and associated electrostatic potential due to asymmetries in the Pfirsch-Schliiter and banana
regimes. An implementation of the 3D centrifugal effects and 3D electrostatic potential correc-
tion on the VENUS-LEVIS code [3], based on neoclassical 3D flow theory in [5] and guiding
center theory in [6], is presented in this work. Simulations are performed to study this phenom-
ena in both high (Pfirsch-Schliiter) and low (banana) collisionality regimes for background ions
in order to understand the impact of saturated 1/1 internal kink mode on the peaking of tungsten
distributions in JET hybrid scenarios exhibiting continuous 1/1 activity. Two VMEC equilib-
ria (see figure 1) are obtained which are identical except for the fact that one is axisymmetric
while the other one is a 3D equilibrium which models a 1/1 internal kink mode similar to the
one observed in the JET pulse #92181. The pressure, density and temperature profiles used to
obtain these equilbria were also taken from the experimental data. The axisymmetric equilib-
rium is used to model the early state of the plasma where the 1/1 kink mode is not yet present.
Having determined the magnetic equilibrium geometry we can then proceed to calculate the 3D
neoclassical flows. This can be achieved using the model proposed in [5]. We then assume the
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Figure 1: Flux surfaces of the two MHD equilibria obtained from VMEC.

background ions zeroth order perpendicular flow is given by
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where B is the magnetic field and @y is the electric field, g; the background ion charge, F; is the
1on pressure and Ny the ion density. Y is the flux coordinate chosen for the set of flux coordinates
(v, 0,9). One can then obtain the parallel component of the flow

. &2 {8\ (o W5, UILB) -

Ui, = (5 - 55) [obw) + L2 B+ B, @)

Iz B2 (B?) o(¥) qINs (B?)

In these expressions (X) stands for flux average of the quantity Geometrical Factors
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from the continuity equation which depends only on the mag-
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netic geometry. The bootstrap part of the flow is given by
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where G¢(y) is a geometric factor, Cy, is the ratio between vis-
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cosity coefficients and 77 is the temperature of the ions. Both T/

Gc and Cy; depend on the collisional regime, being different for Figure 2: Geomet;dig;al factors
the Pfirsch-Schliiter (high collisionality) regime and the banana for the equilibria showed in 1.

(low collisionality) regime and their expressions can be seen in sections 9.1.1 (Pfirsch-Schliiter)
and 9.3 (banana) of [5]. The electrostatic potential correction ®; due to 3D effects is obtained

from solving quasi-neutrality and
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which only depends on the background ion flow and on the magnetic geometry. Here, Z; is the
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charge number of the background ions. Therefore, both the flow and the electrostatic poten-

tial correction are determined by the magnetic geometry and experimental profiles (pressure,
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temperature and density), and can be computed numerically for a given 3D magnetic equilib-
rium. However, an analytical solution to these equations exists in axisymmetry and therefore
the numerical solver can be robustly tested in the axisymmetric case. In the axisymmetric case
Gc = Gps = Gp = Gyjep, in Which PS stands for Pfirsch-Schluter regime and B for banana
regime, and the contravariant component of the poloidal £ x B flow (U [«?xB') should vanish.
Figures 2 and 3 show the numerical solutions of these quantities for the equilibria showed in
1 against the analytical axisymmetric solution, with yr the toroidal flux. We see that the ax-
isymmetric conditions are verified with a small error. Hence, we benchmark the solver in the
axisymmetric case. While there is not an analytical solution we can see that for large yr (where
the 3D equilibrium is almost axisymmetric) the 3D solutions are identical to the axisymmetric
ones. Hence, this background ion flow, as well as the electrostatic potential correction and the
magnetic equilibrium, can be used as a background equilibrium to follow tungsten in an internal
kinked 1/1 plasma (similar to the JET pulse #92181) with the Venus-Levis code. Simulations
were done using the background already described.

The Venus-Levis code was modified to include the 3D cen-
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Figure 3: Contravariant compo-

the banana regime) generated by strong ion temperature gradi- .
nent of the poloidal E x B flow

ents which are predicted by neoclassical axisymmetric theory for the equilibria in I
and seen experimentally. It is important to notice that the rota-

tion profile used was constant and equal to Q = 1.2 x 10°rad /s which is around the maximum
of the experimental rotational profile. In order to use the real sheared rotation profile, modifica-
tions in the code will be taken into account in future work. In figure 4 we show the normalized
flux averaged tungsten density profile at the final time of # = 0.1s for 6 different cases. We no-
tice that for both axisymmetric cases we see a localization of the peaking of impurities off-axis.
For the axisymmetric case with temperature screening this localization is slightly further off

the axis as expected but there is a small accumulation on axis which may be related to the fact

that the density was not yet saturated at ¢t = 0.1s and therefore should be simulated during a
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larger period of time. We also observe that strong accumulation on axis of the tungsten is ob-
served for the 3D 1/1 kink equilibrium independently of the collisional regime. The temperature
screening also seems to be not enough to generate sufficiently strong outward flux in the banana
regime. However, it should be pointed out that simulations should be performed using a higher
radial resolution in order to confirm robustness of these results since due to the low resolution
of the VMEC radial coordinates near the axis the strong peaking is coarsely discretized. Nev-
ertheless, these results seem to agree with the work done in [4] for the Pfirsch-Schliiter regime.
In conclusion, this work has presented a self-consistent implementation of 3D centrifugal ef-
fects and electrostatic potential correction in the VENUS-LEVIS with the objective of studying
tungsten accumulation in the presence of saturated internal 1/1 kink modes in pulses similar
to JET #92181. First results seem to indicate that even when including the full self-consistent
3D flows the strong accumulation of tungsten observed in [4] for the Pfirsch-Sliiter regime is
still observed. These results also show that in the banana regime the same strong accumulation
is present in the presence of a 1/1 internal kink. Simulations with a larger number of particles

and a higher radial resolution need to be done in the future to confirm these preliminary results.
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