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Impurity transport in tokamaks is studied using an elecatastluid model for main ion and
impurity temperature gradient (ITG) mode and trapped sdacfTE) mode driven turbulence
and the results are compared with nonlinear gyrokinetiaktions using GYRO and neoclas-
sical theory. Transport scalings with magnetic shear anqulirity fraction are investigated, and
the validity of the trace impurity approximation is studi€Cbmparisons between anomalous
and neoclassical transport predictions are performedTiaRHike profiles based on ASTRA
modelling.

Reactive drift wave model
The reactive drift wave model is based on the solution of @f#tiid equations for the pertur-

bations in density, parallel velocity and pressure for iompurities and trapped electrons [1] in
the collisionless, electrostatic limit. The closure of #gwuations is obtained by assuming that
the heat flux is equal to the diamagnetic heat flux for all perspecies. For the trapped electron
model, the electron magnetic drift is, after the bounceayi@g, replaced by the precession fre-
quency of trapped electrons @spe) = wpeAt With Ay = 1/4+2s/3 [2], wheres= (r/q)dq/dr
andq is the safety factor. We assume adiabatic free electronth@glasi-linear particle fluxes
are computed frorfiy; = (n;jve ), which is summed over all unstable modes for a fixed space
scale of the turbulence, witfk; ps)? = (kgps)? = 0.1, wherer and® are radial and poloidal co-
ordinatesps = Cs/Qcij, Cs = \/W is the sound speed a; is the cyclotron frequency. The
eigenvalue equation is reduced to a set of algebraic eaqusatiging the semilocal analysis of [3]
where the norm$kﬁ>, (K2, (wpi z), with (---) = [™_¢(---)dB, are calculated using a strongly
ballooning eigenfunction. The solution of the eigenvalugtem gives the eigenvalues and the
perturbations in density, temperature and parallel vejagiterms of the perturbed electrostatic
potential. The saturation level of the electrostatic pti#ms estimated by balancing the lin-
ear growth with the dominant convective nonlinearity in émergy and continuity equations.
The strong ballooning approximation has recently been shovgive results in good agree-
ment with the results of calculations based on a shear-dig¢reigenfunction with general

modewidth and with gyrokinetic simulations [4].
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Gyrokinetic calculations
We have performed flux-tube (local) simulations with the &Y Bode [5]. The transport co-

efficients are computed including nonlinear gyrokinetioamics of both ion species, electron
physics was taken to be drift-kinetic. A 128-point veloesiyace grid (8 energies, 8 pitch angles
and 2 signs of velocity) is used, together with 10 poloidabii) gridpoints per sign of velocity.
In the perpendicular directior{g,y), we use a domain size ¢fy,Ly)/ps = (122 128).

Neoclassical impurity transport
Impurities in high-temperature plasmas, like ITER are elgukto be in the banana regime. In

this collisionality regime, neoclassical transport isalguoutwards due to temperature screen-
ing and therefore it has opposite sign to turbulent trartspat is much smaller. It depends on
g but is not sensitive ta. If Z is large, the neoclassical flux is mainly driven by ion gratke
For moderate or loviZ, the flux driven by the impurity gradients will reduce thealdmpurity
flux, since it has opposite sign to the flux driven by the iordggats.

Trace impurities and dilution model
In the limit of trace impurities, the effect of impuritiesngglected in quasi-neutrality condition

(zf,— 0, wheref, = n;/ng), so that the effective diffusivit{d, does not depend on trace impu-
rity parameters [6, 7]. In the dilution model, the dilutiohroain ions(1— Zf;) is included in
quasi-neutrality condition, but the impurity respo@sidn;/n; is neglected. Figure 1 shows the
normalized impurity flux versuR/Ln; in units of 202cs/R for various impurity fractions and
Z=6,A;=12,q=14,5=0.5,R/Lne= 3,R/Lte= R/Lti = R/L1;=5, whereLnj = —n;/n]
andLtj = —Tj/Tj’ are the density and temperature scale lengths for partieeiespj. The
results of the dilution model (dashed) are compared withst#ieconsistent model (solid), ne-

glecting the parallel dynamics.
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Figure 1.Normalized impurity flux for (black), = 0.001, (red) f, = 0.02, (blue) £ = 0.05. The
results of the dilution model are the dashed lines and nessatal transport are the dotted lines.
For Z = 6 the trace impurity model gives qualitatively correct lesd f, < 0.02, wheref, =
nz/ne. The dilution model gives a fair agreement upfie< 0.05.
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Shear dependence [4]

Figure 2 (left) illustrates the shear dependence of effediffusivitiesDe andD; for the reac-
tive fluid and gyrokinetic models. In general, the shear ddpace of the impurity diffusivity is
found to be weaker than that of the electron diffusivity. Heer, for weak, negative and large
positive shear, a strong reduction of the effective imgutiffusivity is obtained. The fluid and
gyrokinetic models give qualitatively similar results the shear scaling of the impurity trans-
port but the fluid diffusivities are typically a factor twoAer than the corresponding gyrokinetic
diffusivities. This is partly due to the fixed space scalehsf turbulencékgps)? = 0.1 in the
reactive drift wave model. In Figure 2 (right), the sheareatggence oD, for a flat impurity
density profile is displayed. As observed, the scaling Witk very weak forZ > 6, since here
the curvature pinch dominates. Roe= 2, the outward thermodiffusive contributior (L/Z) is
significant and results in a reduced pinch. The dotted lines/she neoclassical diffusivity (in
units of 202¢s/R) for Z = 2 (black) andZ = 6 (blue).
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Figure 2.Left: Shear scaling of Pand D; in units of2p2cs/R using the reactive drift wave
model for Z= 6, A, = 12 (blue), Z= 2, A, = 4 (black). The other parameters are/Rre =
R/Lti=R/Lt;=9, Z2f,=0.12 i =0.5,g9g=2, T = T, = Te and R/'Lpe = R/Lj; = 3. Right:
Shear scaling of Bfor R/Ly;= 0.1, Z = 2 (black), Z= 6 (blue), Z= 12 (green), and Z= 48
(purple). The triangles are GYRO-results for=Z6.

| TER-like plasmas
The selected scenario is a hybrid-mode, with a plasma duafeb2 MA, major radiusk =

6.2 m, minor radiusa = 2 m, and magnetic fiel8 = 5.3 T [8]. The density profile is flat and
impurity and ion temperatures are assumed equal. The ambirhpurity flux forZ = 6 is
calculated using the reactive fluid model in the strong loalilog approximation (including im-
purity finite-Larmor-radius-effects for completenessyl éime results are compared with a local
version of the model (with\; = 1, andk?, wpi z evaluated ab = 0) which is independent of
magnetic shear. Figure 3 shows the impurity diffusivitie$t and electron diffusivities (right)

from the reactive fluid model. We note that the results of tieas dependent model differ sig-
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nificantly from the results of the local analysis. The reafwrthe sudden change in the fluxes
aroundr /a~ 0.35 is that the magnetic shear of the selected ITER-scenarigsvizoms = 0
atr/a=0.3tos= 0.5 atr/a= 0.4. This change in the shear affects the impurity transport
strongly, so that it even reverses its sign. The reason ®iatge inward pinch at/a= 0.4

Is that the magnetic shear is closester 0.5 where the impurity pinch is strongest, see Fig. 2
(right). As a result of this, the turbulent flux is inward in texh part of the plasma but outward
in the inner core /a < 0.3 and outside /a £, 0.7. The neoclassical impurity transport is mainly
driven by the background ion gradients and is outwards dtemperature screening. The elec-
tron transport is inward for the flat ITER density profile bhbetbounce-averaged TE model

predicts significantly weaker transport in the core regitvexe the magnetic shear is weak.
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Figure 3.Left: Impurity diffusivity for Z= 6 versus ra: (black) no magnetic shear depen-
dence, (blue}; = 1/4+ 2s/3, (red) neoclassical. Right: Electron diffusivity versy&r9]:
(black) no magnetic shear dependence, (gréen} 1, (blue)A; = 1/4+ 2s/3.
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