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Introduction To avoid large radiation losses and plasma dilution, impurity accumulation in
the plasma core should be kept at minimum. In the present work we investigate cross-field transport of high-Z impurities, through gyrokinetic modeling and simulations using the GYRO code
[1]. Experimentally, the application of radio frequency heating has been shown to give a flattening effect on impurity density profiles in the core. Here we analyze an experimental Ion Temperature Gradient (ITG) mode dominated case from a hydrogen minority Ion Cyclotron Resonance
Heated (ICRH) Alcator C-Mod discharge. In previous studies, ICRH has been found to give rise
to a poloidally asymmetrically distributed impurity species [2, 3], and a theoretical model for its
impact on cross-field impurity transport has been presented [4, 5, 6]. While earlier studies have
been limited to theoretical cases, here we apply the model to experimental data. The strength
of the poloidal asymmetry is estimated, and the zero-flux impurity density gradient (peaking
factor) is calculated and compared to the symmetric case.
Model A semi-analytical linear gyrokinetic model for the zero flux density gradient of highZ impurities present in trace quantities is introduced in [5], where the effect of a poloidally
varying, non-fluctuating electrostatic potential φE is included. In [6] this model is applied to
Trapped Electron Modes (TEM), and demonstrates the ability to reproduce trends of nonlinear
GYRO

simulations in the poloidally symmetric case. Furthermore a significant reduction of the

impurity peaking is found in the poloidally asymmetric case, where the key parameters are the
asymmetry strength κ and the magnetic shear s.
We focus on poloidal asymmetries due to poloidal electric fields and neglect effects caused by
a radial electric field, such as the centrifugal force arising from toroidal rotation. The poloidally
varying potential is assumed to be weak in the sense that e∆φE /Tα ≪ 1 (where Tα is the temperature of species α). This justifies the use of GYRO simulations neglecting poloidal asymmetries to obtain linear mode characteristics, since the effect of poloidal asymmetries on the main
species can be neglected. By requiring Z ≫ 1 however, Ze∆φE /Tz ∼ O (1) and the impurities
can be poloidally asymmetrically distributed. Hence their E × B drift in the poloidally varying
electrostatic potential φE is not negligible. The model used for the equilibrium electrostatic
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potential is given by Eq. (11) in [4]
ZeφE /Tz = −κ cos (θ − θ0 ) ,

(1)

where θ0 represents the angular position where the impurity density has its maximum and κ
sets the strength of the poloidal asymmetry. For experimentally observed low-field-side ICRH
driven asymmetries, θ0 = π.
To find the impurity peaking factor, a/L0nz , we use the model presented in [5] where the
peaking factor is given by Eq. (8), here we rewrite it as
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φ is the perturbed electrostatic potential and ω = ωr +iγ the mode eigenvalue, a is the outermost
minor radius, r the minor radius of the analyzed flux surface, R0 the major radius, q the safety
factor, s = (r/q)(dq/dr) the magnetic shear, kθ the poloidal wave number, cs = (Te /mi )1/2 the
ion sound speed and ρs the ion sound Larmor radius. Furthermore D (θ) = cos θ + sθ sin θ and
Rπ
h. . . iφ = h. . . N |φ|2 i/hN |φ|2 i with N ≡ exp [−ZeφE /Tz ], and h. . .i = (1/2π) −π (. . . ) dθ denotes the flux surface average. We refer to [5] for details of the model. Note that up to O(Z −1 ),

both finite Larmor radius (FLR) effects and the effects of collisions do not appear. Furthermore
we see that a/L0nz consists of three terms: the first term of Eq. (2) represents the contribution
from magnetic drifts, the second term stems from the E × B drift and is only non-zero in the
presence of a poloidally varying potential, the last term arises because of the impurity parallel
dynamics and is positive for ITG modes but negative for TEMs.
Alcator C-Mod minority ICRH discharge As a reference, we analyze an Alcator C-Mod
deuterium discharge, described in [2], where ICRH was applied with the resonance layer at
the low-field-side, rc /a = 0.47, using hydrogen minority scheme. The hydrogen minority concentration at the analyzed flux surface is estimated to be nH0 /ne0 = 0.04, the ICRH resonant
magnetic field strength is bc = Bc /B0 = 0.87 and we assume Tz = Ti and no rotation. The analyzed impurity species in the discharge is partially ionized molybdenum (96
42 Mo) with Z = 32,
characteristic of this range of Te . The molybdenum concentration in ICRF heated shots is estimated to be nz /ne = 10−4 – 10−3 and we assume nz0 /ne0 = 2 · 10−4 .
The asymmetry strength κ is found from Eqs. (10) and (12) of [4], assuming circular flux
surfaces (the experimental elongation at the analyzed flux surface is 1.27)
κ=

Z(nH0 /ne0 ) k
,
(Tz /Ti )(ni0 /ne0 ) + (Tz /Te ) + (nz0 Z 2 /ne0 )

(3)

ǫ bc (αT − 1)
,
bc + αT (1 − bc )

(4)

k=
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where αT = T⊥ /Tk is the minority temperature anisotropy, found using TRANSP, and ǫ =
r/R0 the inverse aspect ratio. As shown in Fig. 1 the largest asymmetry is found at r/a = 0.41
with αT = 5.4 and κ = 0.21, consequently we will analyze this radial location. Experimental
values at r/a = 0.41 are R0 /a = 3.2, s = 0.43, q = 1.07, Ti /Te = 0.80, a/LT e = 1.81, a/LT i =
1.56, a/Ln = 0.60 and ν̂ei = 0.065 cs /a.

Figure 1: Asymmetry strength κ as functions of r/a (left), and Mo32+ peaking factor as function
of kθ ρs for the symmetric (κ = 0) and asymmetric (κ = 0.21) cases (right). Also shown are the
contributions to the peaking from the three separate terms in Eq. 2: magnetic drifts (ωD term),
E × B drift (ωE term) and parallel dynamics (vk term).

A 2D map of the linear mode eigenvalues in r/a – kθ ρs space for this discharge, obtained with
the eigenvalue solver in GYRO, is illustrated in Fig. 2. At the studied flux surface, r/a = 0.41,
the plasma is ITG dominated and this branch is traced over the radial domain. Note however
that, besides from subdominant modes, there could be another mode that even dominates at
another radial location.
The Mo32+ peaking factor as function of kθ ρs is shown in Fig. 1. To choose a relevant
single mode, we estimate the relative magnitude of the quasilinear fluxes from the quantity
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ory presented in [7], by performing linear GYRO simulations. The poloidal wave number yield-

ing the largest value is kθ ρs = 0.35, with the linear growth rate γ = 0.063 cs /a and mode frequency ωr = −0.14 cs /a (ωr is negative for modes propagating to the ion diamagnetic direction
according to GYRO conventions).
From Eq. 2 the molybdenum peaking factor is found to decrease from a/L0nz = 0.89 in the
symmetric case (κ = 0) to a/L0nz = 0.76 in the asymmetric case (κ = 0.21). The contribution
from the E × B term is −0.18 in the asymmetric case, but there is a slight increase in the
term coming from parallel compressibility between the symmetric and asymmetric cases which
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Figure 2: 2D map of linear growth rate γ (left) and real mode frequency ωr (right) as functions
of r/a and kθ ρs for the ITG branch which is dominant at r/a = 0.41. Blue dashed line marks
r/a = 0.41 where the maximum asymmetry is located, orange dashed line marks r/a = 0.47
where the ICRH resonance is located.
counteracts the reduction of the peaking factor.
Conclusions A small reduction in molybdenum peaking is predicted from the poloidally
varying non-fluctuating electrostatic potential, which arise due to hydrogen minority ICRH in
the analyzed Alcator C-Mod discharge. The reduction is not as large as found in earlier theoretical work [4, 5, 6], which is expected, due to the fact that the magnetic shear is not very large
and at the studied flux surface the plasma is ITG dominated. The magnetic shear has previously
been found to be a key parameter in determining the magnitude of the reduction and it is relatively moderate at the studied flux surface, s = 0.43. Also, TEM dominated scenarios have
previously been found to lead to reduced impurity peaking due to the contribution from parallel
compressibility. It is possible that subdominant modes play an important role at the studied flux
surface. The role of these can be revealed by a nonlinear analysis, which is among our future
goals.
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