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ABSTRACT.

Experimental impurity transport coefficients in the core plasma are compared to predictions from

turbulent transport theory, assuming a background turbulence induced by ion temperature gradient

and trapped electron mode micro-instabilities. The effect of electron heating on impurity transport

and the dependence on the charge of the impurity are studied.

1. INTRODUCTION

The design and operation of a future fusion power plant relies on the predictions of density and

impurity profile in long pulse and in steady-state operation. Impurity densities set boundaries for

the operational domain of an ITER plasma discharge. If the profile peaking of impurities becomes

stronger than that of the main ions, i.e. if impurities accumulate, excessive fuel dilution occurs. An

ITER plasma scenario also has to guarantee tolerable radiated power, a particular concern for highly

charged impurities with a high associated cooling factor. Tungsten (W) concentration cannot exceed

10-4 in the core for stable plasma operation in ITER [1].

Within the set domain of viability, the design of an ITER scenario will require optimising opposing

aspects of density peaking in the core plasma. It is advantageous to have a peaked density profile in

a reactor as it provides an increase in fusion power and a higher bootstrap fraction, but the plasmas

are prone to the peaking of highly charged impurities [1][2] [3]. An ITER plasma scenario will

require optimising the density and impurity profiles to gain fusion power and pulse length, via

bootstrap current, without detrimental fuel dilution or radiation losses [4] [5]. Therefore, it is

necessary to understand the mechanisms driving impurity transport to have the means for controlling

their profiles.

The radial impurity flux is expressed both with diffusive and convective contributions as follows:

where nimp, Dimp and Vimp are respectively the impurity density, diffusion and convection coefficient

(inwards if negative, and outwards if positive). In steady-state conditions and in plasma regions

where the source can be neglected, the local logarithmic density gradient of an impurity (1/Lnimp
 =

-dnimp
 /nimpdr) is directly related to the ratio of convection over the diffusion coefficient, V/D.

Hence, the peaking of an impurity density is determined by the ratio -V/D, or equivalently the

normalised peaking factor -RV/D with R the plasma major radius. The understanding of this ratio

as a function of the plasma radius is key to the control of impurity peaking.

Although a large number of experiments have been carried out to determine the transport

coefficients for impurities, no clear description of impurity transport has yet emerged [6]. The lack

of a theoretical framework to compare experimental findings may be at the origin. Indeed,

neoclassical theory has failed to describe impurity transport across most of the plasma radius [6]

[7], with the exception of two particular plasma regions. The impurity diffusion within a strong

Γimp = -Dimp           + nimp Vimp
δnimp

δr
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internal transport barrier is observed to be close to its neoclassical value [3] and it is observed in

ASDEX Upgrade that Tungsten (W) strongly accumulates in the plasma core in accordance with

neoclassical theory [1].

Various observations made on anomalous impurity transport have encouraged the working

hypothesis for ITER prediction, that anomalous diffusion is independent of the charge (Z) and mass

(A) for low and medium Z impurity [6]. No recommendation has been made for high Z impurity. An

additional observation that could be ascribed to anomalous transport is the fact that electron and ion

cyclotron heating can affect impurity peaking [1] [2] [3] (and references in [7] and [8]). This effect

has been observed on many devices over the last decade, but until recently remained without explanation.

Recent progress in the theory of turbulent transport provides a new framework in which experimental

results can be compared. Over the past couple of years mechanisms on how microinstabilities can

drive impurity transport have been identified.

In this paper, experimental transport coefficients are compared to predictions made by turbulent

transport theory, assuming a background turbulence induced by Ion Temperature Gradient (ITG) and

Trapped Electron Mode (TEM) micro-instabilities. Within this framework, we study both the effect

of electron heating on impurity transport presented in section 2, and the dependence on the charge of

the impurity presented in section 3.

2. PINCH REVERSAL OF NI IMPURITY WITH ELECTRON HEATING

Experiments have been performed at JET to influence the peaking of high Z impurities in ELMy H–

mode plasma by changing from dominant ion heating to an increased electron heating [8]. Two Ion

Cyclotron Resonance Frequency (ICRF) heating schemes were applied: 3He Minority Heating (MH)

delivering the largest amount of ICRF heating to the ions (with a concentration of 3He ~8%), and 3He

Mode Conversion (MC) heating the electrons (with 3He ~<20%). The main difference between the

two pairs of H-mode discharges analysed is the radio-frequency scheme adopted, resulting in different

power deposition in the electron channel shown in figure 1a. It is observed that in H-mode low

collisionality discharges the transport behaviour of Nickel injected by laser blow-off is dramatically

different. The transport coefficients have been determined by reproducing the spectroscopic

measurements and are used to extrao�late to the steady-state profile of Ni shown in figure 1b, with a

constant source. It is observed that the Ni profile is peaked in the MH scheme whereas it is slightly

hollow or essentially flat in discharges with ICRF heating in MC. This different behaviour corresponds

to different transport parameters.

Figures 1c shows differences in the diffusion profile between the two schemes. The diffusion

coefficient in the MH shot is characterised by a central region with a diffusion of the same order as the

neoclassical value, while in the MC shot the diffusion coefficient is well above the neoclassical value.

It is also observed, in figure 1d that the velocity V changes direction from strongly inwards, in MH

case, to slightly outwards, in MC case. This pinch reversal can only be attributed to anomalous transport

as the neoclassical pinch velocity is directed inwards and does not change sign between MH and MC
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discharges as shown in figure 1d. Moreover, the experimental values of the pinch velocity and diffusion

are more than an order of magnitude higher than their neoclassical components. In these experiments,

the transport of high charge impurity species Nickel is clearly anomalous.

The micro-instabilities present in the discharges have been identified with the linear version of the

gyrokinetic code GS2. Although the ratio Te/Ti of about 0.9 and logarithmic ion temperature gradient

R/LTi are similar at mid-radius, the logarithmic density gradient R/Ln increases from 3.9 in the MH

case to 5.2 in the MC case, similarly the logarithmic electron temperature gradient R/LTe increases

from about 4 to 6 respectively. The stability calculation shows that MH discharges are mainly ITG

dominated, whereas the R/Ln driven TEM modes are the most unstable in the MC discharges. Ni

transport resulting from such instabilities is calculated by a quasi-linear estimate with the linear version

of GS2. It is found that calculated transport of Ni has an inward convection as observed experimentally.

In the case of the TEM dominated MC discharges, the R/Ln driven TEM shows the possibility of a

reduction of Ni peaking in comparison to the MH simulations but cannot imply a pinch reversal.

However, it is possible to obtain a reversal of the calculated convection as observed experimentally in

the following conditions. Figure 2 shows that if R/Ln is fixed and below its threshold and if the ITG

instability is gradually switched off with a reduction of R/LTi, a change of sign of the peaking factor

can be observed at high enough value of R/LTe. The R/LTe driven TEM instabilities can lead to a pinch

reversal in qualitative agreement with experimental observations. This is explained by a mechanism

of particle pinch connected with the parallel dynamics of the impurities [9] as discussed in more

details in section 3.

The control and optimisation of impurity peaking relies in the understanding of the ratio of the

diffusion to convection coefficients -V/D. Above, it was shown that electron heating is observed to

decrease the ratio of -V/D for Ni impurity and even to reverse its sign. A transition in the dominant

instability driving Ni transport could be at the origin of this change. Below we show that the predicted

ratio of -V/D varies with the charge Z of the impurity, even in the case where only one micro-

instability drives the transport.

3. Z DEPENDENCE OF IMPURITY TRANSPORT

The peaking factor predicted by theory of turbulent transport can have a complex dependence on

the charge in varying plasma parameters as illustrated in figure 3. The normalised peaking factor,

-RV/D, has been calculated with the linear version of the GS2 code for different Z in plasma

conditions similar to the minority heating discharges presented in section 2. Figure 3 shows that the

Z dependence of the peaking factor can have opposite sign for differing value of R/Ln: the peaking

increases with an increasing impurity charge for the low value of R/Ln, whereas it increases with an

increasing charge for high R/Ln. In particular the effect of an increase of R/Ln, for the plasma

conditions studied here, is to increase the peaking of low Z impurity. This effect is in the same

direction as neoclassical behaviour. Whereas the peaking of high Z impurity decreases as a result of

the increased R/Ln in opposition to the neoclassical behaviour.
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Recently, impurity transport has received an increased interest by theoreticians and progress has

been made in the understanding of mechanisms involved in transport of impurity. With a simple

fluid model and considering only electrostatic turbulence, three main mechanisms have been

identified, each with its associated pinch contribution schematically represented in figure 4.

The first pinch, called curvature pinch [10][11][12], is caused by the compressibility effects

of the E×B drift velocity in an inhomogeneous magnetic field. It is proportional to the gradient of

the magnetic field and thus mostly inward for a monotonous increasing q profile and ballooning

instabilities. The curvature pinch is independent of charge and mass. The second pinch velocity,

the thermodiffusion pinch [9] [13][14],originates from the compression of the diamagnetic drift

velocity and is proportional to the impurity temperature gradient. Its magnitude is inversely

proportional to the charge of the species, and as a result the thermodiffusion pinch becomes

negligible for high Z impurity. It has been calculated that the thermodiffusion mechanism is

efficient for impurity with a charge below about 20 [9] [14]. The third pinch is connected with

the parallel dynamics of the impurities [9]. The magnitude of this pinch is dependent on the ratio

Z/A and thus in realistic cases independent of impurity species. (For the ionisation stage present

at an electron temperature of 20keV correspond to a ratio Z/A varying from 1/2 for He to about

1/3 for W). This pinch was invoked in the calculation presented in section 2.

Although the curvature pinch is always inward, the thermodiffusion pinch and the pinch linked

to the parallel velocity fluctuation can change sign depending on the direction of propagation of

the instability, shown in figure 4. The thermodiffusion pinch is inward for transport driven by

instability rotating in the electron diamagnetic direction, such as TEM, and outwards for transport

driven by instability rotating in the ion diamagnetic direction such as ITG. In contrast, the pinch

originating from the compression of parallel velocity has the opposite variation.

Therefore, the total pinch results for the sum of at least these three mechanisms and has a

dependence on Z that is different for instability rotating in the ion or electron diamagnetic direction.

The relative magnitude of these mechanisms can change depending on plasma conditions, such

as q profile, or impurity temperature gradient. The turbulent transport is therefore complex even

if only one instability is considered. In addition, a change of instability driving the transport

complicates even further the dependence on Z of the transport coefficients. Figure 3 is a good

illustration of this point. For low Z the thermodiffusion is active therefore the pinch from turbulent

transport is directed outwards in the case of low value of R/Ln for which ITG are the most unstable

mode. When R/Ln is increased, the dominant micro-instability changes to TEM for which the

thermodiffusion is inwards, and as a result the peaking is increased. For large Z impurity, the

thermodiffusion is negligible, and the reduction of peaking when changing from dominant ITG

to TEM instability is most likely due to an increase of the diffusion coefficient. The complexity

of the Z dependence require specific calculation of the diffusion and convection coefficients for

comparison with the experiment.
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3.1. EXPERIMENTAL DETERMINATION OF THE Z DEPENDENCE OF TRANSPORT

COEFFICIENTS

The study of the Z dependence of impurity transport in various plasma conditions is performed by

injecting three impurities Ne, Ar and Ni with respective Z of 10, 18 and 28 in the same discharge at a

similar time. The density profile of Ne10+ and two ionisation stages of Ar, i.e. Ar16+, Ar18+ are tracked

simultaneously via the recently upgraded charge-exchange recombination spectroscopy diagnostic

[15] with a time resolution of 10ms. The transport of Ni is inferred from the soft X-ray signals. The

transport coefficients of these impurities are determined by re producing within UTC [16], the measured

densities, soft x-ray signals and vacuum ultra-violet line intensities. Further details on the method

used to determined the transport coefficients and an estimate of their uncertainty in this study is

reported in [17].

The diffusion and convection coefficients have been determined experimentally for the Pulse No:

66134 with R/LTi ~< 5.8, R/LTe ~<6.3, R/Ln ~< 0.3 and Te/Ti ~< 1.1 and ν∗ ~0.10. These transport

coefficients are compared with the transport coefficients calculated with the linear version of GS2.

The analysis of micro-instabilities reveals that the discharges is ITG dominated.

The measured Z dependence of the diffusion D, convection V coefficients and the peaking factor

are shown in figure 5 for Pulse No:  66134 at different normalised radii, together with their neoclassical

transport coefficients calculated with NCLASS. The measured diffusion coefficients of Ne, Ar and Ni

are all an order of magnitude above their neoclassical level, both in the core and at mid-radius. The

transport of these impurities is therefore anomalous. Figure 5a shows that the diffusion of Ne, Ar and

Ni is reduced in the central region of the plasma inside r/a ~0.2. Inside this central region, the measured

diffusion coefficient is dependent on Z, whereas outside this region is independent of the charge, as

shown in figure 5a).

The measured convection coefficients are of the same magnitude as their neoclassical counterpart

both in the core and at mid-radius as shown in figure 5b. It is interesting to note that the measured

convections show a stronger dependence upon Z than the neoclassical velocity, the latter being only

weakly dependent on the impurity charge.

The measured peaking factor, ~RV/D , has a magnitude much smaller than its neoclassical

value both in the core and at mid-radius as shown in figure 5c. For Ne, Ar and Ni, the measured

peaking factor is positive (shown enlarged in figure 5c’) without the neoclassical value, hence

the impurities are peaked even if not as much as predicted by neoclassical theory. In contrast, the

peaking factor of the intrinsic C is negative at mid-radius, but positive at the very centre r/a’~

0.2. This results reflect a more general observation that at JET the C density profile is generally

flat or hollow in ELMy H-mode discharges. The measured peaking factor increases weakly with

Z in the region outside r/a ~ 0.2 whereas inside the measured peaking factor is showing a stronger

dependence on the charge of the impurity.
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3.2. COMPARISON WITH QUASILINEAR GYROKINETIC CALCULATION

The Z dependence of processes transporting impurity is specifically analysed for Pulse No: 66134

with the linear version of GS2 at mid-radius r/a ~ 0.55. The calculated diffusion, convection and

peaking factor as shown in figure 6 and compared to their measured anomalous contributions, i.e. the

neoclassical contribution has been subtracted from the measured diffusion and convection. The predicted

diffusion and convection have been renormalised to the calculated deuterium diffusion coefficient to

eliminate the uncertainty in the estimate of the saturation level of electrostatic potential.

The calculated peaking factor,”RV/D, is independent of such uncertainty and can be compared

directly to the measured peaking factor. Figure 6a shows that the calculated diffusion coefficients

decreases as the charge Z is increased from Deuterium (D) to C and becomes independent of the

charge of the impurity. The diffusion of Ar and W are predicted to be equal from the theory of

turbulent transport. Experimentally, it is observed that the anomalous Ne, Ar and Ni are similar

within experimental errors, shown in figure 6a’, in agreement with the predictions.

The calculated convection is shown to also decrease as Z is increased from D to about C and Ne

after which it remains constant. The calculated convection is positive at low Z due to the outward

contribution of the thermodiffusion. If the thermodiffusion is switched off by imposing R/LTz equal to

0 in the calculation, the convection is negative for all Z as shown in figure 6b. The measured anomalous

convection, shown in figure 6b’, is equal for Ne, Ar and Ni again in agreement with the calculations

As expected from a diffusion and convection coefficients becoming constant at high Z, the

calculated peaking factor becomes also independent of the charge as shown in figure 6c. In contrast,

the neoclassical peaking factor increases proportionally to Z as shown in figure 6c’. Experimentally,

the measured anomalous peaking factor is closer in magnitude and behaviour to values calculated

with the linear version of GS2 than predicted by neoclassical theory. The anomalous peaking factor

is measured to be independent of the charge of Ne, Ar and Ni within experimental error in agreement

with the calculated peaking factor. However, the measured anomalous peaking factor is of the same

sign as the predictions but a factor 2 to 3 smaller. Impurities with charge below 3 are calculated to

have a negative peaking as a result of the outward thermodiffusion to the total pinch shown in

figure 6c. However, experimentally, C with a charge of 6 is observed to have a negative peaking at

mid-radius, which could suggest that the thermodiffusion contribution is stronger than calculated

by the linear version of GS2.

CONCLUSION

A pinch reversal for Ni impurity is observed when switching from minority heating to mode

conversion heating. This pinch reversal could be explained qualitatively within the framework of

ITG and TEM instabilities, by a transition in the dominant instability driving Ni transport and in

particular to a pinch mechanism connected with the parallel dynamics of the impurities. The

dependence of the transport coefficients on the charge of the impurity has also been studied for Ne,

Ar and Ni. The transport of impurity is measured dominated by anomalous processes both in the
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core region inside r/a ~ 0.2 and at mid-radius. However, a stronger dependence with the charge of

the impurity is measured in the core plasma than at mid-radius. The measured peaking factor at

mid-radius is closer in value to the predictions made by turbulent transport theory than neoclassical

theory. The anomalous peaking factor is positive and independent of the charge for Ne, Ar and Ni

as predicted by the linear gyrokinetic calculation, whereas C is negative in contrast with the prediction.
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Figure 1: Comparison of Ni transport in ELMy H-modes with ICRH 3He Mode Convection (MC) heating and Minority
Heating (MH). the MC Pulse No: 58149 is shown in blue and the MH Pulse No: 58144 in red and neoclassical values
in dashed lines: shown are the profiles for a) the electron power deposition profiles. b) steady-state of Ni density as
obtained from an extrapolation of determined transport coefficients. c) the measured diffusion coefficient, d)the
measured convection coefficient with their neoclassical values. The coloured areas represent the error estimate of the
transport coefficients.
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Figure 3: GS2 calculation of peaking factor (-RV/D) as
a function of the charge Z of an impurity with a mass A
equal to twice its charge for four values of the logarithmic
density gradient R/Ln, with fixed R/LTe and R/LTi.

Figure 4: Schematic of current understanding of three additive terms forming the turbulent pinch indicating the main
dependence of each term, how each term can influence impurity peaking and if it depends on the direction of propagation
of the dominant instability rotating in the ion or electron diamagnetic direction.

Figure 2: GS2 calculation of Ni peaking factor -RV/D
(a) and real frequency of the most unstable mode (b) as a
function of the logarithmic electron temperature gradient
R/LTe for six values of the logarithmic ion temperature
gradient R/LTi, with fixed R/Ln=2.
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Figure 5: Comparison of the measured Z dependence of
transport coefficients for Pulse No: 66134 at different
normalised radii. The measurements are shown in red
symbols with a black error bar and the neoclassical value
in black symbols. Shown in a) are the diffusion coefficient,
in b) the convection coefficient, in c) and c’) the peaking
factor.

Figure 6: Comparison of the measured anomalous transport
coefficients for Pulse No: 66134 with the GS2 calculation
at mid-radius r/a ~0.55. The measurements are shown in
red, the GS2 result in blue with thermodiffusion and in green
without. Shown are in a) the diffusion coefficient, in b) the
convection coefficient, in c) the peaking factor. Shown in
c’) is the comparison with neoclassical predictions.
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