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Neoclassical transport in displaced tokamak helical cores
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Introduction

Recent experiments in ASDEX Upgrade (AUG) have shown expuilsf Tungsten out of the
helical core produced by internal (1,1) kink modes [1]. Gitleat impurities dilute the plasma
fuel and cool it down due to their high radiative power, thentification of mechanisms that
suppress or mitigate impurity accumulation is of centrgdamiance for the success of thermo-
nuclear fusion.

Although tokamaks are nominally axi-symmetric, they aremfsubject to 3D perturbations,
e.g. due to TF coil ripple, RMP coils used for ELM mitigation as in the aforementioned
AUG experiments, developement of bifurcated helical MHBtess. The loss of the toroidal
symmetry of the magnetic field is recognized as potentiatlapavith the physics features and
tools familiar to stellarators and a good basis for addngstbie question of to what extent such
physics features can show up in tokamaks. Following a simelasoning, the closeness of stel-
larators to certain symmetries which make them exhibit nokla properties like for instance
large rotation, is currently an active research field [2]tHe present work we initiate the eval-
uation of some of these features in the frame of neoclasgiealy, including the search for
transport scaling at low collisionalities, estimation loé tambipolar electric field and potential
variations. This preliminary assessment relies on thergemotivation and mid-term objective

of studying the dynamics of impurities in the aforement8® tokamak equilibria.

The 3D AUG equilibrium considered

3D equilibrium tokamak states can be generated with theattanal Moments Equilibrium
Code VMEC [3], prescribing the plasma boundary, pressuretaraidal current profiles as
well as an initial non-planar axis guess. If parameters ach shat a weakly reversed shepr
profile with a minimum near unity is obtained and the axis gusssufficiently distorted the

output results in a 3D solution with helical core similar teauratedn/n = 1/1 ideal internal
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Figure 1: From left to right: Magnetic flux surface contouns the initial axi-symmetric AUG equilibrium (left-
most figure); 3D final solution at 4 toroidal angles; and dispiment of the axis along the cylindrical coordinates
RandZ as a function of the toroidal VMEC coordinate.
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Figure 2: (Left to right) Modulus oB as a function of the PEST angular coordinaeand ¢ atr/a = 0.1 and
0.35; &5 and f; radial profiles for the 3D AUG equilibriumyWendeltsteini— X and LHD stellarator.

kink [4]. In the present study the plasma boundary corredipgrto an perfectly axi-symmetric
equilibrium of AUG has been considered (see left-most pidig. 1). The final developed 3D
solution (see the 4 poloidal cross sections in fig. 1) showsliadi displaced core inside the
g = 1 surface situated at the normalized effective radjizs~ 0.4. Finally the helical axis dis-
placement amplitude (right-most plot of fig. 1) is approxieia 10 and 12 cm along the usual
cylindrical coordinateZ andR respectively.

Prior to quantitative neoclassical considerations, inpartant to note that the equilibrium suf-
fers a strong deviation from toroidal symmetry in the hédla@e, which is seen in the contour
maps of the magnetic field strength in fig. 2. In addition, tlaetion of trapped particle and
the effective ripplesess take values of the order of or larger than stellarators lik®land W7-X

in their standard configurations.

Neoclassical smulations

Regarding the neoclassical simulations, these have befemmped with the neoclassical version
of the Monte-Carlad f PIC code EUTERPE [5, 6]. In the most general case EUTERPE solves

the drift kinetic equation including the potential varyiog the flux surfaced:

of1 . dfy n q, (/mZ 3 q T’
4+ R-Of == _f Or =42 — 241 —
or TRORTIG, =~ fw Vet vey r[n Tr®t G 32 %) 7
with ' = d/dr, f; the departure fronfy = fy exp(—Z|e|®1/T), the lowest order distribution

function; ®g the ambipolar part of the electrostatic potentigh the E x B drift related to®,
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andvy the magnetic drift. The characteristics at lowest orderf@aréhe guiding centeR, par-

allel velocity v and magnetic momer: R= Vb — %; v = —Zﬁeb 0@y — ub-0OB—
% (b x OB) - Odp; and it = 0. @, is obtained after requiring quasi-neutrality up to firsterd

among the involved species. The assumption of adiabattretes considered here leads to the

1
equation®; = % <n0e—|— nOi-Tr—f> nyi, with ng andn; the equilibrium and perturbed densitiés,
the temperature and, e} the bulk ion and electron indices. The collisions (pitchlarsgatter-
ing in the present work) are performed in each time-stepyapph random kick in the markers’

pitch angle after pushing them along the collisionless attaristics.
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The collision frequency is defined as the ™ - S/ ? kel =
i ﬁi:a 6\ / T 120
sum over all the target species of the ng N e T ~

flection collision frequencyv = 3, vgP. To

4

get a simplified picture of the physics, how- *
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Figure 3:Lj; transport matrix coefficient as a func-

which enables depicting the different collition of the normalized thermal collision frequeney =

) ) o ) VRog/vin inside the helical core (left) and far outside
sional regimes participating in the transpogignt).
processes. In particular for the above-mentioned AUG #xitim and zero value of the radial
electric field € = —d®dg/dr) the low collisional asymptotic /v regime shows up at the helical
core for the transport matrix coefficiebt; [7] (see fig. 3 left), while the usudlananascaling

is recovered at a more external radius (see fig. 3 right).

Along the same line-of-thought, considering a set of aiadytemperature and density profiles
similar to those reported for the experimental AUG discea#§1114 in [1], see fig. 4(left),
the neoclassical radial transport of bulk ioh&™() for E; = 0 is significantly larger — between
two and three orders of magnitude — in the helical core regmmpared with the outer axi-
symmetric radii, regardless of the weaker gradients atrtheripositions. This is observed in
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Figure 4: (Left) Plasma parameters fitted to AUG dischargel#3. (Center) Particle flux density of bulk ions
(H™) and electrons foE; = 0 in logarithmic (red) and linear (blue) scales. (Right) Rédlectric field estimation
insideq = 1 surface.
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fig. 4(center). Such large ion radial particle flux in compani to that observed out of the helical
core, which falls nearly to the noise level, can lead to theebf an electric field in order to
restore the subsequent strong lack of ambipolarity. Thmate ofE; is shown at different radii

for a pure Hydrogen plasma in the displaced core in fig. 4(yigh

- Finally, in order to complete the picture for
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the electric field the potential variation within
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Fsigure 5:941(0,9) atr/a= {0.2,0.35}.

been obtained. This potential variation cannot
be neglected, as is usually done, because the
magnetic and electrostatic drifts become comparable adtrge statZ increases, which gives
rise to an electrostatic transport source that can compigiietive grad-B and curvature drives.

A similar thing happens for the ratio between the magnetitedactrostatic mirror terms. A3
increases, electrostatic trapping becomes importantiwddfects the topology of the trapping
boundaries set by the magnetic mirror term. In figure 5 themgal variation at /a= 0.2 and
0.35 are represented. Considering the usual values obtaidedeasured [9, 10] in stellarators,

these inside helical region are comparable and larger dasioollisionalities.

Conclusions

Considering this preliminary assessment of the magnituddgeoperties relevant for 3D de-
vices like g5, presence of Av scaling, ambipolarity fulfilment and; amplitude, the con-
clusion can be drawn that it would be questionable to applspasymmetric approach to the

helical state. Further studies involving the impact on intguransport are ongoing.
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