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This paper investigates the interplay of neoclassical, turbulent and MHD processes, which are simultaneously at play when contributing to impurity transport. It is shown that these contributions are not additive, as assumed sometimes. The interaction between turbulence and neoclassical effects leads to less effective thermal screening, i.e. lowers the outward flux due to temperature gradient. This behavior is attributed to poloidal asymmetries of the flow driven by turbulence. Moreover sawtooth crashes play an important role to determine fluxes across the q = 1 surface. It is found that the density profile of a heavy impurity differs significantly in sawtoothing plasmas from the one predicted by neoclassical theory when neglecting MHD events. Sawtooth crashes impede impurity accumulation, but also weaken the impurity outflux due to the temperature gradient when the latter is dominant.

Synergetic effects of collisions, turbulence and sawtooth crashes on impurity transport.

Introduction

Impurity transport is a subject of renewed interest due to several facts. First plasma facing components made of tungsten are currently tested in several tokamaks, in view of a future implementation in Iter. This has triggered an active research on means to prevent influxes of heavy impurities. Furthermore, burning plasmas will produce helium, which should be expelled from the plasma core and pumped. Finally impurities with medium charge number are commonly injected in the scrape-off layer to cool down the edge plasma. These impurities should be prevented from reaching the plasma core to avoid dilution and excessive radiative losses. These constraints raise questions on the mechanisms that underlie impurity transport for various mass and charge numbers. It turns out that collisional, turbulent and MHD processes are simultaneously at play and contribute to impurity transport. It is shown here that these contributions are not additive, as assumed sometimes. Moreover the interplay between turbulence, neoclassical and sawtooth crash effects leads to less effective thermal screening, i.e. a weakening of the outward flux due to temperature gradient. It is reminded that the neoclassical impurity flux is given by the following expression

Γ Zψ = -D nc Z ∂N Z ∂r + V nc Z N Z
where N Z is the impurity density. The ratio of the pinch velocity

V nc Z to the diffusion coef- ficient D nc Z is of the form V nc Z D nc Z = Z ∂ ln N i ∂r + HZ ∂ ln T i ∂r ,
where N i and T i are the ion density and temperature. The number H is the thermal screening factor and is equal to -1 2 when the impurity is in the Pfirsch-Schlüter regime, while the main ion species is in the bananaplateau regime. A multi-species collision operator has been implemented in the GYSELA gyrokinetic code, in order to compute neoclassical and turbulent particle fluxes on an equal footing [1]. It has been benchmarked against the theory of neoclassical transport [2] and the NEO code [3,4]. The agreement is found to be satisfactory for both the diffusion coefficient and the pinch velocity for various collisionality regimes (see Fig. 1 and Fig. 2).

The upgraded version of the GYSELA code has been run above the instability threshold of Ion Temperature Gradient driven modes (ITG) [5]. It is found that neoclassical and turbulent processes contribute to impurity transport in a complex manner. This question has been assessed as follows. Three simulations are run for each impurity :

1. Purely neoclassic (called "neoclassic" hereafter): in this case, all non-axisymmetric toroidal modes are filtered out at each time step (i.e. all Fourier modes with n = 0 are set to zero, with n the toroidal mode number). The neoclassical flux is then the sum of both v E and magnetic drift v D contributions:

Γ neo z ψ = d 3 v F z (v D,z + v n=0 E,z ) • ∇r) ψ (1) 
2. Mainly turbulent (called "turbulent" hereafter): in this case, single-species collisions only are retained (namely ν ii and ν zz ) , so that momentum or energy exchange be-tween species are not taken into account. Retaining intra-species collisions is important and sufficient to account, among others, for the collisional damping of zonal flows, which are known to contribute efficiently to turbulence self-regulation. In the case of trace impurities, the collision operator for the main ions only is important. Indeed, impurity-impurity collisions are negligible in this case. The turbulent flux is then governed by the electric drift:

Γ turb z ψ = d 3 v F z (v E,z • ∇r) ψ (2)
3. Full (called "total" hereafter): in this case, no simplification is made to the collision operator, nor any filtering applied to the electric potential. More precisely, all terms of the collision operator are retained, involving both intra-and inter-species collisions, in the turbulent regime. As an example, the case of tungsten is considered hereafter. The same trend is observed for other impurities. In Fig. 3 the total tungsten flux (red) from the self-consistent simulation is compared to the sum (black) of the neoclassical (blue) and turbulent (green) fluxes, that come from the reduced simulations. It appears that the total flux differs from the sum of the neoclassical and turbulent fluxes, by more than a factor two at some radial locations. This result shows that neoclassical and turbulent impurity transports are not additive. One explanation for this synergy comes from the impact of turbulence on the magnitude and radial shape of in/out poloidal asymmetries. The pattern of the impurity density in the poloidal plane is a signature of this multiscale dynamics. The left panel of Fig. (4) shows the level of n = 0 fluctuations of impurity density, while the right panel shows non axisymmetric n = 0 small scale fluctuations. A similar structure is observed for the electric potential. Small scale fluctuations are clearly modulated by n = 0 perturbations. Conversely, it is expected that turbulence generates n = 0, m = ±1 perturbations (m is the poloidal wave number), that produces a significant contribution to neoclassical transport. The interplay via large scale flows is expected to be a key mechanism to explain the synergistic effects that are observed. Moreover the coefficient of thermal screening, which quantifies the outward pinch due to the temperature gradient, is above the neoclassical value H = -1 2 in presence of turbulence, and can become positive. This is an unfavorable configuration, as it may lead to impurity accumulation. This behavior is attributed to the same mechanism, i.e. poloidal asymmetries of the flows driven by turbulence, via a mechanism similar to the effect of poloidal asymmetries (e.g. centrifugal force or potential asymmetries produced by RH heating). Such asymmetries are able to greatly modify neoclassical coefficients, up to one order of magnitude, as predicted theoretically [6,7]. The interplay of neoclassical transport and sawtooth events has been assessed by implementing a set of fluid equations in the XTOR-2F code [8], which model the impurity flows and are consistent with the gyrokinetic model in the collisional regime. The impurity density and parallel momentum equation read

∂ t N z + ∇ • (N z V z ) + ∇ × B B 2 . ∇P z e z = S z (3) 
N z m z ∂ t V ,z + (V z • ∇)V ,z = -∇ P z + N z e z E + R ,zi (4) 
where N z and V z are the impurity density and fluid velocity, e z and m z the charge and mass, S z is the impurity density source, and R ,zi is the parallel friction force given by

R ,zi = -m z N z ν zi (V ,z -V ,i ) - 2 5 C 0 m z N z ν zi Q ,i P i ( 5 
)
where V ,i and Q ,i are the main ion parallel velocity and heat flux. Turbulent diffusion and pinch velocities can be added via an ad-hoc diffusion/convection transport model in Eq.( 3). Banana-plateau neoclassical transport coefficients can be added in the same manner. However the Pfirsch-Schlüter neoclassical flux should not be added in that way since it is already accounted for in the fluid equations Eqs. (3,4) . The expression of the collisional drag force Eq.( 5) is essential in that regard. Using the Braginskii value of 0 = 1 would be a mistake, since no thermal screening is found when all species (main ion and impurity) are in the Pfirsch-Schlüter regime [10]. The appropriate choice of C 0 to recover the correct value

H = -1 2 is C 0 = 3 2
, which is the one that has been implemented in the XTOR code. It has been verified that the profiles of impurity density agree with the neoclassical predictions in MHD quiet plasmas.

Once the Eqs. (3,4) have been implemented and verified, the XTOR-2F code has been run in a regime of parameters where a steady sawtoothing regime sets on [11]. It is found that the impurity density behaves differently with or without sawteeth [9]. Typically the impurity density profile is less peaked than the one computed without sawtooth collapses. This is due to the flattening effect of sawtooth crashes. Neoclassical relaxation processes are negligible during a crash, since they are too slow. Conversely neoclassical transport is the prominent transport channel during the recovery phase. Hence the interplay comes from modifications of the profiles during the crash, which persist during the recovery phase, thus modifying neoclassical fluxes. When the main ion density gradient is large chosen such that the impurity neoclassical flux is outward due to thermal screening. It appears clearly that the impurity profile after 9 crashes is less hollow than the one obtained without sawteeth, i.e. with neoclassical transport alone.

|∇N i /N i | ≥ |∇T i /2T i |,
For practical purposes, it is interesting to compare the post-crash profiles with those predicted by the Kadomtsev reconnection model [14,15,16]. The final impurity profile differs from the one predicted by the Kadomtsev reconnection model when the pre-crash impurity density profile is slightly depleted. This is due to sawteeth induced corrugations of the density, which are clearly seen in XTOR-2F simulations after each crash (see Fig. 6). Density perturbations also appear on the main ion post-crash density, and have been observed by fast-sweeping reflectometry tomography on Tore Supra [12]. On the contrary, the post-crash impurity profile is consistent with the Kadomtsev prediction when the pre-crash profile is hollow (Fig. 7), as already found in [13]. The agreement is not perfect though.

During the crash, the impurity transport dynamics is quite complex. In particular, it appears that impurities are concentrated after the crash within an annulus in between the inversion and mixing radii, while fine structures develop inside the inversion radius [13,9]. The flux can be decomposed in two components: one due to the perpendicular fluid E × B drift velocity (the diamagnetic component is negligible for high Z impurities), and the other one due to magnetic flutter. These fluxes are defined as follows

Γ z,δB = N z V ,z δB B (6) 
and

Γ z,E = N z V E (7) 
It is found that the radial flux due to E × B drift is much larger than the contribution of magnetic flutter in most places (see Fig. 8 and Fig. 9). Hence fine structures are due to convection, not to magnetic flutter. 

Conclusion

In summary, it appears that collisions, turbulence and MHD processes contribute synergistically to impurity transport, thus questioning the usual assumption of additivity. The interplay between turbulent and neoclassical transport has been studied with the GYSELA gyrokinetic code, which has been equipped with a comprehensive collisional operator. It is found that the impurity flux found in a self-consistent simulation differs from the sum of neoclassical and turbulent fluxes calculated separately. This behavior is attributed to poloidal convective cells generated by turbulence, which modify neoclassical fluxes. Hence synergy is the result of poloidal asymmetries and interaction between disparate scales. Moreover the thermal screening effect gets weaker. The two fluid non linear MHD code XTOR-2F has been modified to model the dynamics of heavy impurities. The collisional drag force has been adjusted such that the Pfirsch-Schlüter impurity flux agrees with the one predicted by neoclassical theory, including the thermal screening term. Simulations of sawtoothing plasmas indicate that the time average impurity profile is flatter than the one predicted by neoclassical theory alone. This is equivalent to a weakening of the thermal screening term in situations where the outward pinch velocity due to temperature gradient dominates over the contribution of the density gradient responsible for accumulation. The post-crash profiles are reasonably in agreement with those predicted by the Kadomtsev reconnection model, when pre-crash profiles are sufficiently contrasted. Fine structures of the impurity density develop during the crash and persists some time. These structures results from small scale convective scales associated with the crash dynamics. The overall impurity profile relaxation is controlled by the E × B convection.
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 1 Figure 1: Neoclassical diffusion coefficients vs ν * Z calculated with the GYSELA code, NEO code and analytical theory
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 2 Figure 2: Neoclassical pinch velocities vs ν * Z calculated with the GYSELA code, NEO code and analytical theory
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 3 Figure 3: Neoclassical (blue) and turbulent (green) fluxes calculated separately, and their sum (black) compared to the self-consistent total flux (red)
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 4 Figure 4: Poloidal map of tungsten density fluctuations in a GYSELA gyrokinetic simulation. left panel: n = 0 axisymmetric fluctuations. right panel: n = 0 non-axisymmetric fluctuations
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 5 Figure 5: Impurity profile with (blue line) or without sawtoothing activity (red line). The impurity neoclassical flux is outward due to thermal screening.
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 167 Figure 6: Comparison of the final impurity profile to Kadomtsev model for an initial slightly hollow profileFigure 7: Comparison of the final impurity profile to Kadomtsev model for an initial hollow profile
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 8 Figure 8: Radial flux due to E × B drift velocity during a sawtooth crash
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 9 Figure 9: Radial flux due to magnetic flutter during a sawtooth crash
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