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Fig. 2.

rates of ITG modes with tungsten impurities.

The fitting curves of the maximum growth
The
curves from top to bottom correspond to the fitting
results in the cases with increasing f, with W13 (red
solid lines), W30 (blue dotted lines) and W+63 (dark

dashed lines) impurities.
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Table 1. The fitting results of the maximum growth rates of ITG modes with primary ion mass number M;.

e ES] 12 Yomax e
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0.005 0.19454 0.13902 0.11405 ~ 048593

w13 0.01 0.18792 0.13577 0.11193 ~ M0-47135
0.02 0.175 0.12933 0.10772 ~ M0

0.01 0.18652 0.13529 0.11173 ~ 2 0-46502

W30 0.02 0.18578 0.1281 0.10725 ~ M0-42829
0.04 0.14671 0.1152 0.098931 ~ M0-32834

0.02 0.15888 0.12261 0.10427 ~ M0-38234

W3 0.04 0.12531 0.10658 0.094043 ~ M0-25829
0.06 0.09818 0.09265 0.085 ~ M-0-1261
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Fig. 3.
rity mode (IM) with W46 impurities; (b) the fitting

curves of the maximum linear growth rates of tungsten

(a) The normalized growth rates of impu-

impurity modes with primary ion mass number M;j,
the curves from top to bottom correspond to the fit-
ting results in the cases with increasing f, with W27
(blue dashed lines), W+46 (red dotted lines) and W+63

(dark solid lines) impurities.
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Table 2. The fitting results of ITG modes with primary ion mass number M;.
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EES FYE S Eees 2 :
0.005 0.01 0.02 0.04 0.06
— [e% —0.48593 —0.47135 —0.44111
Zott 1.06 1.12 1.24
ITG W30 (e} —0.46302 —0.42829 —0.32834
i
Zott 1.29 1.58 2.16
W63 [e* —0.38234 —0.25829 —0.1261
Zott 2.24 3.48 4.72

a: KT M; GRS

R3 RFURRT EE T HEE M, AH R Zeg RIILA SR

Table 3. The fitting results of impurity modes with primary ion mass number M; and effective charge number Z.g.

% FES SR EE Y I
0.03 0.05 0.07
Lot 1.78 2.3 2.82
w27 a —0.37069 —0.32595 —0.30587
B 1.6542
Zos 2.35 3.25 4.15
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W46 1.2157
Py B 0.84526
1.0649
Dot 2.86 4.1 5.34
a —0.45173 —0.42499 —0.39219
W63 1.0003
B 0.71582
0.88694

a: KT M; WHLEIREG B: KT Zeg WA EIEEL
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Abstract

Tokamak experiments show that the plasma empirical energy confinement scaling law varies with plasma ion mass
(4;) in a certain range under conditions of different plasma parameters or different devices. In order to understand
such a modification of the empirical energy confinement scaling law, the isotope mass dependence of ion temperature
gradient (ITG, including impurity modes) turbulence driven transport in the presence of tungsten impurity ions in
tokamak plasma is studied by employing the gyrokinetic theory. The effect of heavy (tungsten) impurity ions on ITG
and impurity mode is revealed to modify significantly the isotope mass dependence and effective charge effect. As the
charge number of impurity ions (Z) or impurity charge concentration (f,) changes, the theoretical scaling law of ITG
turbulence transport varies substantially in a relatively large range. The maximum growth rate of ITG mode scales as
M170'48H70'12, whilst that of impurity mode scales as Mi70446%—0.3. Here, M; is the mass number of primary ion in the
plasma. In both cases the fitting index with M; deviates further away from —0.5 when impurity charge concentration
fz increases. The isotope mass dependence of ITG turbulence gradually weakens when the effective charge number Zes
increases. The isotope mass dependence of impurity mode turbulence also weakens with Zes increasing for the same
impurity ion charge number (Z). In contrast, the isotope mass dependence gradually strengthens with effective charge
number Zes increasing for the same impurity charge concentration (f,). On average, the maximum growth rates of
impurity mode scale roughly as ymax ~ MfO'SSZ;ff and Ymax ~ Mfo"lZ;ff, respectively, for Zegr < 3 and Zegr > 3. The
reason for the deviation of isotope scaling law from the normal case is investigated deliberately, and it is demonstrated
that the isotope scaling index deviates from —0.5 more or less due to the fact that the impurity species, charge number
and impurity concentrations vary in a certain range. These results demonstrate that it is impossible to deduce a unique
isotope scaling law due to the variety of micro- instabilities and various plasma parameter regimes in tokamak plasma,
which is consistent with the experimental observations. These results may contribute to the transport study involving

heavy (tungsten) impurity ions in ITER discharge scenario investigation.

Keywords: ion temperature gradient mode, impurity mode, anomalous transport, isotope effect
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