
Fig 1 a) Electron density profiles form interferometer data, b) Electron (dashed lines) and ion (solid 

lines) temperatures c) Safety factor profiles. All at the time of Ni LBO times, for the reference shot 

w/o RF ( #69808)  and for the shot with the higher ICRF power (#68383) 
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Introduction Various experiments have shown that injection of radio-frequency (RF) 
power may generate an outward pinch for impurities, with corresponding flattening of the 
impurity density profiles [1-7]. The effect has been found to be more pronounced when 
the power is applied to electrons rather than to ions and when it is centrally deposited 
[2,8]. Therefore, the application of RF power may represent an active means to heal 
regimes that would otherwise be incline to accumulate impurities.  
This paper presents the results of Ni (A=28), Mo (A=42) laser blow off (LBO) and Ar/Ne 
puffing experiments, in JET discharges featuring the injection of RF power at ITER 
relevant collisionality (νeff<0.2), aiming at studying the effect of different power levels 
when ion cyclotron resonance frequency (ICRF) is applied to electrons either as H 
minority heating (MH), or as Mode Conversion (MC) on 15-18% concentration of 3He. 
Spectroscopic and Soft X-Ray data have been reconstructed by a 1D collisional-radiative 
(CR) impurity transport code, to evaluate the diffusion coefficient D and the pinch 
velocity V.  
 Impurity transport and RF power Six H-mode or Hybrid low collisionality discharges 
with low MHD activity and with LBO injections of Ni have been selected for the 
impurity transport analysis. For these discharges, ν eff ≤0.2 (ν eff = 10-14 <ne > <Te >

–2 Zeff 
R , with ne in m-3, Te in eV, R the major radius in m, the symbol < > denotes a volume 
average), the elongation is about 1.7, lower triangularity is 0.18, higher triangularity 0.15.  
In addition, results regarding one Mo LBO injection and the CX data analysis of Ar/Ne 
puffings will be also discussed. In Fig.1 electron density, electron and ion temperatures 
and safety factor profiles at the time of LBO are shown for two of the six discharges.  
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Fig.2 (a) ICRF and (b) NBI Electron and ion power deposition profiles 

for the reference discharge w/o RF #69808 and for the discharge with 

the maximum ICRF power #68383. 
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Fig.3 Ni Diffusion coefficient (left), pinch velocity (centre) and peaking factor (-V/D right) for #69808 and #68383  

The reference discharge (#69808) is without RF power. In the others, different values 
of ICRF power are delivered to electrons: 2 MW in 3He MC in #66432 and #66434, 
5.1 MW in 3He MC for #58149 and the very similar #58143, 8.3 MW in H MH for 
#68383. The ICRF power depositions profiles are localized near the plasma centre, at 
about ρ= 0.1.  In Fig.2 the power deposition profiles for ions and electrons are shown 
for the reference discharge (#69808) and for the discharge with the maximum ICRF 

power (#68383). 
In order to evaluate the best 
estimate of the impurity (Ni) 
diffusion coefficient D and 
of the pinch velocity V, the 
experimental SXR 
brightness profiles, time 
behaviour and the time 
evolution of selected 
spectral lines during the 
LBO pulse have been 
reproduced with a 1-dim 
CR model [9,10] coupled to 
a mean square deviation 

procedure, minimizing the difference between   simulated and experimental signals 
(minimizing χ 2). The time behavior of the Ni XVIII 292 Å line, pertaining to the 
plasma edge, is tracked to estimate the edge D and V and the Ni influx.  
The solutions D and V of the least squares procedure are looked for into a restricted 
class of simple functions , linear between two consecutive spatial points (knots); the 
minimization procedure is repeated with different locations of the knots. The obtained 

D, V, and –V/D for #69808 and #68383 discharges are drawn in Fig.3: the stripes on 
D and V represent the uncertainties and are the set of results of the minimization 
procedure, with the different choice of the spatial knots. These uncertainties are 
greater than those evaluated from the matrix of covariance errors [11] for the single 
choice of knots.  
The stripes on the peaking factors are obtained at each radial position as all the 
possible values of the ratio between -V and D. 
 Considering the SXR channels with LOS impact parameters P<0.5 and SXR 
experimental uncertainties of 10%, best reproductions of experimental data give χ 2 
=3 (#68383) and χ 2=4.5 (#69808). 
The pinch velocity of Fig.3 becomes outward in the discharge with high RF power, 
which features a higher diffusion too. The Ni peaking factors and their uncertainties 
derived in the six discharges at ρ=0.2 and in a more external region at ρ=0.5, are 
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Fig.4 Ni peaking factors at 

ρ=0.2 and  ρ=0.5 versus ICRF 

powers for the 6 discharges, 

Mo peaking factors for shot 

#68381. 

shown in Fig.4 versus the ICRF power. It is worth to be noted (see Fig.4) that the 
same peaking factors as for Ni have been derived for the heavier species Mo (A=42), 
injected in the hybrid discharge #68381 (very similar to the #68383 with Ni).  
 In the plasma centre the peaking factor becomes negative (corresponding to an 
outward pinch) for ICRF powers ≥ 5 MW. With already an ICRF power of 2 MW a 
peaking factor close to zero is found. However, due to the wide error bars, only a 

more statistically relevant database would allow the 
identification of a power threshold for the convection 
inversion.  
At ρ=0.5, as shown in Fig.3, the pinch velocity is 
inward w/o RF and outward for the higher value of 
ICRF, the peaking factors for the various RF powers 
remain close to zero , due to the higher values of the 
diffusion coefficients. 
The transport analysis for impurities of different mass 
(C, Ne, Ar) has also been done in two additional Hybrid 
discharges [12], one without RF and the other with 3.3 
MW of ICRF power (MH on H), where, besides Ni 
LBO, Ne and Ar where puffed into the plasma. The 
results, obtained by the transport code SANCO+UTC 
[13], confirm the inversion of the pinch from negative 
to positive, for those impurities as well (Fig.5). The 
peaking factors of Fig.4 and Fig.5 should not be 
quantitatively compared, since in the shots relative to 
Fig.5 a strong MDH n=1 activity has been observed, 
whose effects have still to be examined. 
RF power and metal pollution The Ni density profiles 
at the steady state have been calculated by extrapolating 
the simulation corresponding to the minimum value of 
χ

2, with a constant Ni influx. In Fig.6 the normalized Ni 
total density profiles, for the discharge W/O RF 

(#69808) and for the discharge with the maximum 
ICRF power (#68383) are shown and compared with 

the electron density profiles. A favorable Ni hollow 
profile is found for the high ICRF power case. As a 
counterpart, it has to be pointed out that the measured 
Zeff in the high ICRF discharge #68383 increases 
during the ICRF phase from 2 to 4-5 and that the 
enhancement is ascribed to metals (Zeff from carbon 
charge exchange data does not increase). Similar 
findings are reported in the literature [14-17]: further 
studies are necessary to understand in which plasma 
conditions the impurity profile flattening effect of 
heating electrons is associated with a tolerable 
increase of Zeff. This is of particular interest at JET 
also in view of the installation of the new ICRF 

antenna [18]. In AUG [14] ECRH has been found to be less perturbing the total 
impurity content, suggesting that it could be a better candidate for central heating. 

Fig.6 Stationary total Ni and electron 

density profiles. The profiles are 

normalized to their maximum value. 

 

Fig.5 Ne and Ar peaking factors at 

ρ=0.2  w/o RF and with 3.3 MW ICRF  
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Fig.7 Peaking factors and real 

frequency (normalized to the sound 

speed and to the major radius) 

predicted by GS2 for Ni in #68383 

at ρ=0.35(with a scan on R/LTi). 

GS2 Simulations. Quasi linear gyrokinetic GS2 [19] simulations of the experiments 
show that both with and w/o RF (#68383 and #69808 respectively) the most unstable 
mode is ITG, with an associated inward pinch [20]. However, for the #68383 plasma 
parameters at ρ=0.35, GS2 predicts a suppression of ITG instabilities if the ion 
temperature logarithmic gradient is R/LTi≤3.5. In such a case a TEM produces the Ni 

convection directed outwards, as shown in Fig.7. 
Lower values of R/Ln and of q in this case favor 
outward direction of the pinch. 
In the discharge #68383 the experimental values 
of R/LTi are about twice the required for the 
transition to outward convection and the pinch 
velocity results to be outward all over the radius. 
Therefore Quasi Linear simulations do not match 
the experiment. To clarify if the superposition of 
the dominant ITG microinstability and the sub-
dominant TEM is consistent with the 
experimentally found outward pinch, non linear 
calculations are needed. 
Conclusions The effect on Ni transport of 
different power amplitudes of ICRF applied to 
electrons has been explored in JET H-mode and 
Hybrid discharges. In the central plasma, hollow 

impurity profiles are found in discharges with strong centrally deposited ICRF applied 
to electrons (~8-9 MW), corresponding to a pinch velocity outward directed. About 2 
MW of RF injection results in flat Ni profiles; peaked profiles corresponding to an 
inward pinch are found when no RF is applied. A peaking factor very similar to that 
found for Ni has been evaluated for Mo at the higher values of ICRF. Due to the high 
mass of Mo, this result is important in the view of using W as plasma facing material. 
Small peaking factors are found in the more external region ρ=0.5, due to the higher 
values of the diffusion coefficient. Discharges with high ICRF powers are found to be 
affected by metal contamination and the enhancement of the plasma effective charge 
counteracts the positive effect of reducing the central impurity peaking: therefore the 
identification of the ICRF power level and plasma conditions where the favourable 
impurity profile flattening effect is associated with a tolerable increase of Zeff 
becomes an important issue. 
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