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Introduction 

In the present study, the impact of sheared toroidal rotation on L-mode and H-mode 

experiments with carbon wall at the Joint European Torus are analysed using the coupling 

between the transport codes JETTO
1
 (for main ions) and SANCO (for impurities) for 

predictive simulations. Transport coefficients due to Ion-Temperature-Gradient (ITG) 

mode and Trapped-Electron (TE) mode turbulence are used together with neoclassical 

transport from NCLASS. The transport coefficients obtained using the Chalmers fluid 

model,
2
 updated with the roto-diffusion associated with sheared rotation, are compared 

with gyrokinetic results using the code GENE.
3
 Self-consistent simulations of electron and 

ion temperatures, main ion and impurity densities are performed while the toroidal 

momentum profile is treated interpretatively. The role of neoclassical impurity transport is 

evaluated and the dependence of the simulated profiles on impurity charge number Z, 

rotation gradient (roto-diffusion), and impurity charge fraction (Zeff) are discussed. In 

particular the impact of sheared toroidal rotation on the C profiles is investigated. The 

considered discharges include L-mode impurity injection experiment #67730, as well as a 

H-mode discharge. The impurity behaviour in the L-mode and H-mode discharges are 

compared, however, experimental data for the impurity transport coefficients are only 

available for the L-mode discharge.
4
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Transport models 

The Weiland multi-fluid model,
2
 updated with effects of sheared rotation (roto-diffusion)

5
 

on the impurity transport coefficients, has been used in the predictive simulations to 

describe the ITG/TE mode turbulence and the impurity species. The impurity flux is 

calculated as Z=<vExBnZ>= -DZnZ + nZVZ where DZ is the diffusivity and VZ is the 

convective velocity, including contributions from thermodiffusion, curvature, parallel 

compression, and roto-diffusion. In steady state the zero impurity flux condition Z = 0 

gives the impurity density normalized inverse scale length PF = -RnZ/nZ = -RVZ/DZ from 

the balance between the outward diffusion and convection, giving PF > 0 for inward 

convective velocity and PF < 0 for VZ > 0. 

The kinetic results have been obtained with the gyrokinetic code GENE.
3
 The QL GENE 

simulations calculate the flux from the dominant mode, which is the ITG mode for the 

discharges considered. 

 

Roto-diffusion 

The effects of sheared rotation in the form of roto-diffusion on the impurity density 

normalized inverse scale length PF=-RVZ/DZ are calculated for the considered discharges 

using the fluid model which is benchmarked against quasi-linear gyrokinetic simulations. 

The simulations have been performed in a simple s- equilibrium in the electrostatic limit.  

In a previous interpretative study of the L-mode impurity injection discharge #67730, 

neglecting roto-diffusion, it was showed that the predicted values of DZ and VZ and the Z-

scaling were in reasonable agreement with experimental values.
6
 For Carbon however, the 

predicted impurity density normalized inverse scale length was significantly larger than 

indicated by the measured C profile which is flat or hollow at mid-radius.  

The scaling of the impurity density normalized inverse scale length with shearing rate ExB 

for #67730 are displayed in Fig. 1. As observed, the fluid and GENE results are in good 

agreement and show that impurity density normalized inverse scale lengths are reduced by 

the shearing rate leading to a reversal of the impurity pinch, from inward (PF > 0) to 

outward (PF < 0), for ExB ≥ 0.23 for Carbon. This effect was found to be crucial for the 

explanation of the hollow Boron profiles in ASDEX-U.
7
 In the present case, however, the 

shearing rate is too small (indicated by the vertical dashed line in Fig. 1) to explain the flat 

or hollow C profile observed in the JET experiment. 
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Predictive simulations 

In order to complement the interpretative study,
6
 predictive simulations of Ti, Te, ne and nz 

profiles (one impurity species) are performed, with the toroidal rotation treated 

interpretatively, using the coupling between the transport codes JETTO and SANCO. 

SANCO solves continuity equations for all ionization stages using neoclassical transport 

and ITG/TE mode impurity transport from JETTO, here using the standard Weiland 

interface. Impurity profiles are obtained for impurities varying from He (Z=2) to Ni 

(Z=28). In the numerical simulations the SANCO settings use a radially constant Zeff 

profile as initial condition without impurity gas puffing, with no losses in the SOL and 

with a recycling coefficient equal to one. Trace levels of impurities are used as initial 

conditions as well as larger levels like the experimentally relevant situation with 2% C for 

comparison. In the simulations, the separatrix boundary conditions for main ion density 

and temperature are adjusted so that the boundary values at =r/a=0.9 agree with the 

experimental values. For discharge #67730, the steady state profiles of Ti, Te, and ne, 

obtained after 2 seconds of simulation time, are compared with the experimental profiles in 

Fig. 2a. The corresponding steady state profiles (R/Lnz) of low to medium Z impurities 

with Z=2, Z=4, Z=6, Z=10, Z=18 and Z=28 are shown in Fig. 2b. As observed, the 

increase in impurity density normalized inverse scale length occurs mainly in the inner and 

outer core region where neoclassical effects dominate. At mid radius, turbulent transport 

dominates and the self-consistent impurity impurity density normalized inverse scale 

lengths are in reasonable agreement with the interpretative analysis.
6
 Simulations including 

ExB shearing (interpretatively) and 2% background Carbon show that these effects only 

have a marginal effect on the Carbon density profile shape.  

Fig. 1. Effects of shear in toroidal flow on impurity 

density normalized inverse scale lengths (-R∇nZ/nZ), 

including contributions from roto-diffusion (
   

  
 - pinch). 

The perpendicular and parallel flow shear is controlled by 

the parameter       
   

  

  

  

 

  
. Results obtained by 

fluid and quasi-linear GENE simulations of #67730 in the 

collisionless, electrostatic limit. 
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Fig. 2a. Steady state experimental and 

simulated profiles of Ti, Te, and ne after 2.0 

s of simulation time, shot #67730. 

Fig. 2b. Impurity density normalized inverse 

scale lengths, shot #67730. 
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