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Effect of poloidal asymmetries on impurity peaking in tokamaks
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Introduction Accumulation of impurities in the core of fusion plasmas @iekilitating effect
on fusion reactivity; consequently a significant effort baen spent to find conditions in which
core accumulation can be avoided. Additional central hgadias experimentally shown to give
a flattening effect on impurity density profiles in the coret the reasons are still not properly
understood. Recent work noted that impurity cross-fieldsippart driven by electrostatic turbu-
lence depends on the poloidal distribution of the impusifle 2], and that poloidal asymmetries
may be a contributing factor to the avoidance of impuritywscalation. In this work the em-
phasis will be on the effect of radio frequency (RF) heatinthaplasma core and in particular
the study of inboard accumulation. Thex B drift of the impurities in the presence of poloidal
asymmetries and its impact on impurity transport is studiegburity self-collisions are mod-
eled with a Lorentz operator and the gyrokinetic (GK) equrais solved using a variational
approach.

Model A mechanism that produces in-out asymmetries in minority IGfiddted plasma
cores is the increase of the minority density (we considdrdgen) on the outboard side which
gives rise to an electric field that pushes the impuritiesh® ihboard side [4]. Each parti-
cle species can be assumed to follow a Boltzmann distributjos: n,oexp (—eqpp/Ta) ~
nao (1 —eadp/T,), €xcept the minority ions which are strongly affected by Rfe heating.
eq IS the charge and, is the temperature of the species, angis the equilibrium potential.
In order to get a simple approximate expression for the galbi varying potential it is as-
sumed that the linear expansionie¢ /T, of the Boltzmann distributed impurities is valid,
which is a reasonable approximation for experimentallguaht values o¥ e¢r/T.. This im-
plies that the poloidal variation of the density on a flux aagn, = n, — nag IS given by
Na/Ma0 =~ —ea®r/T,. Assuming that the poloidal variation in the potentig} is produced
by the poloidally asymmetric distribution of the heated amity ions, using quasineutrality we

obtain

n. Ze YA Ne
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Here,ng = ny(0) represents the fraction of the hydrogen minority densityctvlieels the

RF resonance and does not follow a Boltzmann distribution @gads normalized so that
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nio +nmo+ Zn.0 —nep = 0. Since the exponent in EQ. (1) is negative, a maximumgncor-
responds to a minimum in,, hence outboard minority ion accumulation pushes the irtypur
ions to the inboard side.

Applying ICRH with hydrogen minority species and with the neasoce layer at the low field
side not intersecting the studied flux surface, the polordahtion of the potential is expected
to be sinusoidal to first order [5]. If the radial variation@f is ignored (i.e. toroidal rotation

neglected) we can motivate the followiagsatzfor the equilibrium potential

Zepp|T, = —rKcos(0—9). 2)
For ICRH driven inboard impurity asymmetries
§ = m. We might expect that ECRH will result R .-
in an outboard { = 0) accumulation of impuri- e '/:':; -
ties, and accordingly we will present results with «o ’,///6 -
both = 0 and ¢ = 7. The asymmetry strength, ,//”

k, depends on the ICRH resonant magnetic field oo
strengthb, = B./By (B. and By are the mag- ar

netic field strengths at the resonance position alﬁlgure 1'% as a function ofar for car-

. . . . bon, argon and nickel with 0 = 0.07,
the magnetic axis), on the minority temperature d 0/meo
n.0/Neo = 2 X 1073, b. = 091, T; = T, =

anisotropyny =T /T (Fig. 1) and minority con-
0.85T, andr/Ry = 0.1.

centrationn gy /n.. We will refer to "in-out” and
"out-in” asymmetries as the situations when the maximumhefgoloidally varying impurity
density is located at the high-field and low-field sides ofgilesma, respectively.

We assume that the electrostatic fluctuations respongbléé cross-field transport do not
significantly affect the processes causing the poloidamasgtries. The equilibrium electro-
static potential will be ordereey /T, < 1, but we allow forZe¢r /T, = O(1). We consider
an axisymmetric, large aspect-ratio torus with circulagmetic surfaces. The parallel dynam-
ics and the trapping of impurities due Y B andV ¢ are neglected, and for simplicity also
finite Larmor-radius effects are omitted. The non-adiabptrt of the perturbed distribution
functiong, can be obtained from the linearized gyrokinetic (GK) equrati

—i(w—wp, —wg)g, — Clg:] = —izeTJ:ZO (w—wi) 0, (3)
where the notation is standard (see definitions in [3]), pké& the new quantitywz, which
stems from théE x B drift in the equilibrium electrostatic field
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39" EPS Conference & 16" Int. Congress on Plasma Physics P4.028

If n,Z2/n. is of order unity or larger, impurity-impurity collisionsodhinate over collisions
between impurities and other species; thus it is sufficierdansider only the impurity self-
collisions. Since the motion of impurities is slow, momentaonservation can be neglected,
and we model impurity collisions; [¢.], by a Lorentz operator.

The Lorentz operator makes the distribution more isotrapigelocity space in a diffu-
sive way. The GK equation (3) contains anisotropy in the retigrdrift term, which can
be written in terms of Legendre polynomial3(¢) where¢ = xH/x denotes the cosine of
the pitch-angle and: = v/vp, represents velocity normalized to the thermal speed=
(2T, /m.)'/2. Since P,(¢) also are eigenfunctions of the Lorentz operator it is comrerto
write g, as a truncated Legendre polynomial series and derive am@ppate variational solu-
tion g. (,€) = >, gn (2) P (§) = g0 (z) Fo (&) + 92 (z) P2 ().

Using the quasilinear particle flux for impuriti€s ~ —(ky/B)Im [f Bvg, gb*] , the normal-
ized zero-flux impurity density gradieat/ !, (the peaking factor) can be obtained from the
requirement that the flux surface average of the particlevilinishesI',) = 0. Herea is the
outermost minor radiug,,. is the density scale length and.) = (1/27) [™ (...)d9.

By employing the constant energy resonance approxima@r-\t[%ﬁ —4(v? + vﬁ)/3] in
wp. and expanding in the smallnesslgfZ, an approximate analytical solution for the peaking
factor can be constructed. Returning to the GK equation (3nete thatwp. /w, wl, /w o
1/Z, while wg can be as large ds)|, seemingly independent of. However our ordering
Zepp/T, ~ O(1) requires thatp /w is formally ~ 1/Z. Keeping only terms to the first order
in 1/7 we find that collisions disappear when taking the density ewtand an approximate
expression for the impurity peaking factor is given by

%%:2%(008«94—8951110)(#4—3/{% (0sin(0—0)),., (5)
where(--), = (- N¢[*/ [(wr —wp)®*+7%]) / (N [6*/ [(wr —wp)*++7]) and N (0) =
exp [k cos (6 —d)]. The second term in Eq. (5) stems from e B drift, and shows the explicit
dependence onandk.

Simulations The perturbed electrostatic potential and eigenvalueg wbtained by linear
electrostatic gyrokinetic initial-value calculationstivicYRO [7], assuming that they are un-
affected by the presence of a weak poloidal variation of tleetestatic potential and the
poloidally asymmetrically distributettace impurity species. In the simulations the following
local profile and magnetic geometry parameters were used= 0.3, R/a = 3, kgps = 0.3,
q=17,a/Ly. =15, T;/T. =T,/T. =0.85, a/Lp. = 2, a/Lp; = a/Lp, = 2.5, s = 0.22,
ps/a = 0.0035 andz,; = 0.0058 ¢c5/a. Nickel (Z = 28) impurity was assumed to be present in
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trace quantities, in the sense that, /n. < 1 (n,/ne =2 x 1073 in the simulations). However
note thatZ?n, /n. ~ 1. Figure 2 shows how the peaking factor for nickel varies witgmmetry
strength and magnetic shear.

Conclusions The main results of the paper are summarized as follows. gigally asym-
metric equilibrium electrostatic potentidk¢y /T, of order unity can yield a significant reduc-
tion of the impurity peaking factor. The asymmetry and maigrehear are the two most impor-
tant parameters that govern the peaking of moderate andAighpurities. This dependence
is illustrated in Fig. 2, and its importance can be undestfoom the approximate solution in
Eq. (5) wherex and s appear as explicit factors. Figure 2 also indicates thaEtkeB drift
frequency, in the poloidally varying electrostatic potahts a major contributing factor to the
reduction of the peaking factor, since the change is smadinuly; is neglected. Furthermore
it is clear that, fors > 0, in-out asymmetries lead to a decrease in peaking factate wht-
in asymmetries increase it. Other plasma parameters, sucblizsionality, ion and electron
temperature gradients and electron density gradient domfioénce the peaking factor signif-
icantly. Experimentally these results could be checked bhgmatic shear scans in discharges
with low field side ICRH.
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Figure 2:Peaking factor for nickel as a function of asymmetry strength (a) anar b Symmetric
impurity density (red, solid), out-in asymmetry (blue, dashed), and in-®ymmetry (black, dotted).
Symmetric case benchmarkedd®@ro results (red diamonds). In (a) green dash-dotted curve represents

in-out asymmetry withug neglected. In (b) the analytical approximation is given for comparison.
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