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In tokamak physics, impurity transport is an issue that needs to be understood in order to ob-
tain a sustainable burning plasma. These impurities can be sputtered from the walls: in this case
the impurity species will be tungsten in the context of ITER. On the other hand, the impurities
can come from the plasma core, in which case they are q-particles produced by the reactions of
fusion.

In this work, we focus on turbulence issues. More precisely, we look at the influence of the
impurity profile on trapped particle driven modes, and study the transport of these impurities.
This is done using the code TERESA. It’s a semi-Lagrangian collisionless code [1, 2, 3, 4, 5],
that only provides the turbulent contribution to transport. This code treats the passing parti-
cles adiabatically, and allows the study of Trapped Electron Modes (TEM) and Trapped Ion
Modes (TIM). TERESA allows the processing of trapped ions, electrons, and impurities. This
enables us to observe the action of the impurities as an active species, i.e. taken into account
in the quasineutrality constraint, thus seeing how they influence the dynamics of the plasma,

particularly on the instability growth rates and on the nonlinear phase.
Model - TERESA code

The TERESA code is based on an electrostatic reduced bounce averaged gyrokinetic model.
The dynamics that will be considered here evolves on timescales of the order of the trapped
particles precession frequency. Therefore it is possible to filter out the fast frequencies @¢ (cy-
clotron frequency) and @, (bounce frequency) and the small space scales p. (gyro-radius) and

0p (banana width). It reduces the dimensionality of the kinetic model from 6D to 4D:

f:V :fu,E(V]va)

with f; the "banana center" distribution function, & = ¢ — g6 and y the poloidal flux (dy ~
—rdr). ¢ and O are the toroidal coordinates, and ¢ is the safety factor. The magnetic moment u
and the particle kinetic energy E are the two first adiabatic invariants and appear as parameters.

The Vlasov equation reads, with the subscript s = i,e,z indicating the species considered

(main ion, electron, or impurity)
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The gyro-bounce-averaging operator is approximated as
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The quasi-neutrality equation reads
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where Cs = ny/n,, is the concentration (ny is the population density, n., = ng . is the equilib-
rium density, and we have Y Zng = 0), Cpo; = €Ly /To, Cog = CPOI%ZS(ZECSTS) where
fr is the fraction of trapped particles and 7, = T, ;/T;. The operator A is defined as A; =
2
(@) 92 + 6;12085, and €y = (X, 7,CsZ2€p.5)/ (L TCsZ?). €y is a control parameter which

governs the response of the adiabatic passing particles.

Linear theory - Influence of the radial gradient

Let us look at the influence of a radial density gradient of impurities [6]. For this study,
the impurity profile is varied and the quasi-neutrality constraint is ensured. A relative impurity
gradient length is defined as Gz = K, /K. The parameters of the simulations shown in this
section are displayed in Table 1. It should be noted that ,, will remain constant in the rest of

the paper and equal to 0.05.

Table 1: Typical plasma parameters used.

pce pc,- pcz 5be 5b,~ 5bz K'T,s Te,z Kn[ Ci Cz Ce
0.01 | 0.03 | 0.0072 | 0.01 | 0.1 | 0.024 | 0.25| 1 | 0.05 | 0.968 | 0.0008 | 1

We show two cases in Fig. 1, corresponding to a population of tungsten impurities (Z, = 40)
with the same concentration, but opposite gradients Gz = £20. Note that this value is large
mainly because K, ; is small. In that situation, the linear analysis shows that for an impurity
profile peaked (Gz > 0) the TEMs are the most linearly unstable (see Fig. 1(a)). On the other
hand, when the impurity profile is hollow (Gz < 0), the TIMs are the most linearly unstable
but dominant only in the low mode range, while TEMs are dominant beyond n = 10 and stay
unstable even when TIMs are stable (see Fig. 1(b)).

We observe that the gradient of heavy impurities, when it is in the same direction as the main
ion species gradient, will decrease the TIM growth rate and increase the TEM growth rate,
whereas it will increase the TIM growth rate and decrease the TEM growth rate when these

gradients are in opposing directions.
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Figure 1: Growth rate of TEMs and TIMs as a function of mode number. Case (a): Gz = 420, case (b):
Gz = —20.

Nonlinear simulations - Impurity transport

In this section, we will investigate the transport of particles when impurities are present [6].

The particle flux is defined as [7]

2 dJo s 1
Ii=—F+ [ da / — fE2dE 1
The impurity particle flux can be modeled as the sum of a diffusive flux and a convective flux
I'y=—-DVn,+Vn, 2)

where D is a diffusion coefficient and V is a pinch velocity.

Fig. 2 shows the impurity particle flux I'z, averaged over the spatial variables, and averaged
over time, as a function of Gz. We see that there are different transport regimes depending on
the radial impurity density gradient.

Let us first look at the range —20 < Gz < —15. This is a range of parameters where the TIMs
dominate the dynamics, and we can see that there is a weak dependence of the transport on the
impurity density gradient. In the next range, —15 < Gz < —12, there is a competition between
TIMs and TEMs, and we can observe a strong decrease of the transport with a small increase of
the gradient. This is likely due to a transition from the ion driven to the electron driven turbulent
regime. This leads to a range —12 < Gz < 46 where the particle flux scales close to linearly,
but there is a change of transport coefficient depending on the sign of Gz, with a transport
coefficient in the peaked profile larger than in the hollow profile. However, the transition from
inward to outward transport occurs very close to Gz = 0, which indicates that in that turbulent
regime, the pinch effect is negligible compared to the turbulent transport.

Then in the range 46 < Gz < +20, the transport increases with a rate faster than linear with

respect to Gz. To provide a basic explanation of this change of slope, we also estimate the flux



45" EPS Conference on Plasma Physics

P1.1091

12 We assume that the pinch velocity is zero, that n, and k;,, are constant. The flux is thus pro-

neC,

portional to —DGy7. Using the mixing length estimate, we assume that the diffusion coefficient

is equal to y/k2, with k, constant and y being linear growth rates of the TEM instability as a

function of Gz. This estimated flux is also plotted against Gz in Fig. 2 (in red, dotted line). We

observe a qualitative agreement between the flux obtained from nonlinear TERESA simulations

and that of given by the mixing length estimate.

Conclusion

We have studied the impact of the presence of
a population of impurities in a tokamak plasma
using the gyrokinetic code TERESA. We have
shown that their presence can have a strong in-
fluence on the dynamics of the turbulence in the
plasma. In particular, it was shown that the di-
rection of the radial gradient of impurities could
change the nature of turbulence. Moreover, it ap-
pears that the transport of impurities in the case
of TEM turbulence and for this set of parameters
is in agreement with the mixing length estimate.
In light of these results, it is clear that it is very
important when looking at the dynamics of im-
purities to treat them self-consistently, as their
effect on the turbulence can strongly affect their

transport.
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Figure 2: Averaged impurity flux T'z as a func-
tion of Gz. The dots correspond to simulation
points (in blue). In red (dotted line) is shown the
particle flux estimated from the mixing length es-
timate (I'z < —yGyz) and using the linear growth

rates of the TEM instability as a function of Gz.
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