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Impurity transport is analyzed using a semi-analytical eldzhsed on a boundary-layer so-
lution of the gyrokinetic (GK) equation. Analytical expstsns for the perturbed density re-
sponses are derived and scalings of the mode frequencieguasdinear fluxes with charge
numberZ, effective chargée’.q, impurity density scale length and collisionality are detmed.
An approximate expression of the zero-flux impurity dengigdient is derived and used to dis-

cuss its parametric dependencies.

Introduction  Models of impurity transport driven by microturbulence amebclassical pro-
cesses are now well developed, but there are still many ggseres regarding the sign and
magnitude of the impurity particle flux and its parametripeiedencies. To get reliable predic-
tions for the turbulent fluxes, nonlinear electromagnetic €bnulations are needed, but these
are costly in computing time. Reduced theoretical modelschmarked to GK simulations, can
ease the interpretation of the results of experiments oremigiad simulations and can contribute
to the understanding of the underlying processes.

The aim of the present work is to calculate the quasilineardBivietic IMpurity transport
driven by ElectroStatic turbulence (GYIMES) using a semadgitical model based on a bound-
ary layer solution of the GK equation. Following the apptoa¢ Ref. [1,2], we use a model
electrostatic potentiab(6) = ¢ [(1 +cos)/2+ifssin?0] [H(0 +7) — H(0 — )], whereH is
the Heaviside functionf, = —0.6s + s> — 0.3s>, s is the magnetic shear amds the balloon-
ing angle. This model potential is motivated by variatioaalysis and GK simulations. By
assuming large aspect-ratio, low beta, toroidal symmeitrgailar cross section and weak colli-
sionality, analytical expressions can be derived for tineimpurity and electron perturbed den-
sities. The quasi-neutrality equation is solved numegidalobtain the frequencies and growth
rates of the unstable modes, including the effect of impsion these modes, and the quasi-
linear impurity particle fluxes. In this paper, we study oidg-temperature-gradient turbulence
dominated cases, but the model is suitable for trappedrefemode turbulence as well. Using

the analytically calculated expression for the perturbegurity density response, we derive
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an approximate expression for the zero-flux impurity dgngradient. Such a zero impurity
flux region is relevant to steady state plasmas in the corekafhhaks since the impurity influx

occurs through the edge.

Perturbed density responses The perturbed electron, ion and impurity responses are ob-
tained from the linearized GK equation. We assume the fafigwrdering of the electron/ion
bounce frequencies and the eigenfrequency of the mgges w < wye, and consider weakly-
collisional plasmas so that,. = v, /ew,. < 1, wheree = /R andv, is the electron collision

frequency. Then, the perturbed electron density respargigen by
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wherep = (14 4if,/5)460/(376), ps = wpo/ (W2), wpo = —kev? Jwee R, kg is the poloidal
wave-numbery., = e, B/m, is the cyclotron frequencys, = v/vrq, vrq = (2T, /ma)Y?, b=

Ve /woe, wy = |R{w}|, y = w/wo, 04 = 022, g = Lna/Lra, With Ly, = —[0(Inn,)/0r] ! and
Lrg = —[0(InT,)/0r] ™!, weq = —kgTy/eqa BLy, is the diamagnetic frequenay,, = wwq/w,
WOpra = 1= (1 = 314/2)@4q and F(z) = 2Fp (a,b;; 2), wherey I is the generalized hypergeo-
metric function.F}(z) incorporates the full effect of the drift resonances.

For the ions, we neglect the parallel compressibility byesiag k| vr; < w, and obtain

n; e . 3WDsi R 5, . .
n—z % = —Wy; + ( : st bz> |:0J77*i - 5 (mw*i - WDsiwn*i) F71/2 (sti) . (2)

Here, by = (bsa)p = bao [1+s*(272 —12+if(27% —3))/(6(1+ifs))] is the weighted flux-

surface averaged value of the finite Larmor radius (FLR) matar,bs, = bao(1 4 520%), byo =

(kopsa)? andpsq = v7a/Vv2weq. ONly the terms linear ih;y were kept. The averaged magnetic
drift frequency iSops, = [6 + (9 + 164 f5) swpao) / [12(1 + i f5)w], Wherewpag = —2kgv2., /3weq R.
If (Z3me/m;)' /2 (n,Z? /n;)evse < 1, collisions can be neglected and we have

i, Zep
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The dispersion relation follows from the quasi-neutratipndition. We find that for moderate

or high charge number/ > 10) the eigenfrequency and stability boundary are only weakly
affected by increasing for constantZ.g, and are approximately equal to the corresponding
quantities in a pure plasma [2]:
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Impurity particle fluxes If the mode is far from marginal stability, the effect of ieasing
charge number and density affects the growth rates and nmedaehncies only weakly. Fur-
thermore, the impurity particle flux is only very weakly depent on the charge number. The
normalized impurity flux is reduced with increasing chargenber if Z.¢ is kept constant, as
shown in Fig. 1, but that is mainly due to the reducing imgufiactionn, /n. ~ 1/Z%. The
normalized flux increases for increasing impurity density this is more pronounced for im-
purities with lowerZ since the relative increase Mg is larger than for higlZ. The ion and

electron fluxes are expected to be inwards and their absaliies decrease with increasidg

0.015}
0.00E¢ s
0.004 0.01C
[, 0.003 ‘T, 7
0.00z¢ 0.00&}
0.001F
0.00Ck ‘ ‘ —_— 0.00C" ! ‘ ‘ ‘ ‘ ‘ A
5 10 15 20 25 10 12 14 16 1.8 20 22 24
Z Zest

Figure 1: Normalized impurity particle fluX, (to kgpe/eB\eq_ﬁ/Te\z) compared with linear GYRO
results (dots). The other parameters areLr. =a/Lr; =3,s=1,¢=2,a/R=1/3, r/a=1/2,
a/Lne =1 and kgps = 0.2 (GA standard case). (d)., vs. Z for Zeg = 1.5; (b) I, vs. Zeg for Z =6
(solid), Z = 10 (dashed).

Collisions do not affect the mode frequencies, growth ratesimpurity fluxes (see Fig. 2a)
significantly. We note also that the impurity flux changessigapproximately the same value

of R/L,_, as shown in Fig. 2b, independently 8f Z. and many other plasma parameters.
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Figure 2: Normalized impurity fluX’, compared with linear GYRO results (dots) for the GA standard
case. (a)I', vs. normalized collisionality (ia,/a) for Z = 6 and (solid) Z.g = 1.5, (dashed)Z.g = 2;
(b): T, vs. inverse radial impurity density gradient for the parders: solid Z. = 1.5, Z = 6, dashed:

Zog =2, Z = 6, dotted: Zog = 2, Z = 10.
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Zero-flux impurity density gradient For moderate and high, an approximate expression
for the zero-flux impurity density gradien®/ L,,..., can be derived using the analytical expres-

sion for the perturbed impurity density, and is given by:
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where,w( is wy normalized toc;/a andy = v /wy is the normalized growth rate. Equation (4)
shows that for higher impurity temperature gradient or biglyps, R/ L. is lower, a trend
which is in good agreement with our numerical results. Invileg Eq. (4) we assumed the
unstable mode frequencies and growth rates to be consgrfiorahe same set of parameters,
they do not show a strong dependencefor Z.. However, if, for instance, the inverse
electron density scale length L,,. or the temperature ratig are changed, the unstable mode
frequencies and growth rates will also change &id.,,.. will be affected by that, especially
for low Z, when the effect of thermodiffusion cannot be neglecteds Weans that in scenarios
with more peaked electron density profiles or strongly difig electron-to-ion temperature
ratios the zero-flux impurity density gradient is expectethé¢ different from that in scenarios

with flat density profiles or if; = 1.

Conclusions In this paper we presented a semi-analytical model for imyptransport driven
by electrostatic turbulence. The model does not rely onmesipas in the smallness of the mag-
netic drift frequencies, and includes electron-ion cahs modeled by a Lorentz operator. The
results agree well with linear gyrokinetic simulationsm@YRO. The semi-analytical charac-
ter of the model eases the interpretation of experimentsanulation results. Because of its
simplicity, it is straightforward to extend it by includirsgveral impurity species or include itin
transport simulations. However, due to the model eledtmspotential used in the calculations,
reliable quantitative predictions can only be obtainedhmrmoderate shear region.
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