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Abstract.

A study of the properties of the turbulence-driven ion and electron heat fluxes, is presented.

Dedicated H-mode experiments taking advantage of the on-axis and off-axis possibilities of

both neutral beam injection and electron cyclotron resonance heating available on the ASDEX

Upgrade tokamak were carried out. The experimental results are interpreted by comparisons

with gyrokinetic calculations. Ion heat transport is, as expected, driven by the Ion Temperature

Gradient (ITG) instability with the features predicted by theory: increase of the driven heat

flux above a threshold in normalised gradient. In addition the main effects known to impact on

the stability of the turbulence, temperature ratio and fast ions population, are exhibited by the

experimental results and agree with the gyrokinetic calculations. It is known that the ITG also

contributes to the electron heat flux, but that an electron instability can be required in addition

when the ITG contribution does not drive the whole imposed electron heating. This situation,

investigated by adding electron cyclotron heating, indicates that in the experiments presented

here the Electron Temperature Gradient instability develops.

1. Introduction

It is widely accepted that turbulence-driven ion heat transport in MHD quiescent tokamak H-

mode plasmas is mostly driven by the ion temperature gradient (ITG) instability. But the ITG

‡ see A. Kallenbach et al. Nuclear Fusion 57 (2017) 10201
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also drives a certain amount of electron heat flux, roughly proportional to the driven ion heat

flux with some variations depending on the plasma parameters. In addition, contributions

to the electron heat flux from trapped electron mode (TEM) and/or electron temperature

gradient (ETG) instabilities are expected if the ITG is not sufficient to drive the electron

heat flux imposed by the applied heating power. Kinetic ballooning modes do not contribute

in the present study because the beta value is rather low: βN ≤ 1.3 and q2βe ≤ 2.1% at

the position of the analyses presented below. According to theory, these three instabilities

(ITG, TEM and ETG) have the common property to appear above their respective threshold

in normalised temperature gradient (R/LT = −R∇T/T ), R being the major radius, T the ion

temperature (Ti) for the ITG and the electron temperature (Te) for TEM and ETG. When R/LT

is increased, the heat flux driven by each of these instabilities (qi or qe) increases above the

corresponding threshold (R/LTc
) with a slope which characterises the so-called stiffness. A

strong stiffness implies large variations of the heat flux for small variations in R/LT such

that the corresponding temperature profiles remain very close to the threshold. Conversely, in

cases of weak stiffness larger excursions in R/LT above R/LTc
are expected.

In the present work we describe and discuss the experimental investigations carried out in the

ASDEX Upgrade (AUG) tokamak to assess the relative role of these different contributions

to heat transport and investigate threshold and stiffness in comparisons with gyrokinetic

calculations.

For this purpose we performed dedicated H-mode experiments using the experimental

possibilities available on the device, namely neutral beam injection (NBI) which heats both

electrons and ions, as well as electron cyclotron resonant heating (ECRH) which heats

exclusively the electrons. For both heating methods the power can be deposited centrally or

off-axis allowing us to vary the heat flux at a given radial position between the two depositions.

The sum of the heating power outside of the off-axis deposition is thus kept almost roughly

constant there such that the temperatures vary little. This is important because this implies that

the boundary condition of the temperature profiles outside of the region where the analysis is

performed is kept constant. This is a now well established method to investigate heat transport,

threshold and stiffness, as done in particular for the electron channel [1, 2, 3, 4, 5].

In addition, modulating the electron temperature with ECRH provides data for the so-called
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transient transport which yields directly the slope of the stiffness curve for electron heat

transport, because of the dependence of qe on ∇Te [6, 7, 8, 9]. From the modulation data

the electron heat pulse diffusivity (χHP
e ) is deduced, complementary to the power balance

diffusivity (χPB
e ), related by χHP

e = χPB
e + (∂χe/∂(∇Te))∇Te. If TEM and/or ETG modes

contribute to the electron heat transport above their threshold a variation of the electron heat

flux and concomitantly of R/LTe
should reveal a strong increase of χHP

e at their threshold due

to the sudden change of ∂χe/∂(∇Te)Te and χHP
e remains much larger than χPB

e if R/LTe
is

further increased. This has been clearly demonstrated in AUG for TEM-dominated plasmas

[10, 1, 11]. If the ITG instability only is the main drive of the electron heat flux, χHP
e remains

low and very close to χPB
e , because qe driven by the ITG depends very weakly on ∇Te, as

shown for AUG in [11].

Similarly, a modulation of the ion temperature is in principle also possible, as shown in

[12], but does not yield sufficiently accurate data when done with NBI in AUG and was

not attempted in these experiments.

The experiments described in the present paper are based on these properties. The

experimental data are provided by the usual diagnostics, in particular the 60 channel Electron

Cyclotron Emission (ECE) radiometer complemented by the Thomson scattering for Te,

Interferometry, Thomson scattering and Lithium beam for density. Electron temperature and

density measurements are analysed in a combined way with the Integrated Data Analysis

(IDA) which yields consistent profiles of Te and ne [13, 14, 15]. The measurements of Ti and

rotation are provided by the Charge Exchange Recombination Spectroscopy (CXRS) using

two of the NBI beams, [16, 17, 18]. The heating power deposition calculations and power

balance analyses are performed with the TRANSP code [19, 20]. Two distinct series of H-

mode experiments with similar parameters were carried out to investigate the ion and electron

channels respectively, as described in the next two sections. The paper is completed by a

discussion.

2. Ion heat channel

The stability of the ITG depends on several plasma quantities: Te/Ti, R/LTe
, R/Ln, β, radial

shear of the toroidal rotation, ion dilution by impurities or fast ions, stabilisation by fast ions.
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These dependences affect the stiffness and/or the threshold of the instability as follows:

- Te/Ti is destabilising such that the stiffness increases and the threshold decreases when

Te/Ti increases, [21, 22, 23, 24] as well as [25] and references therein. R/LTe
and R/Ln are

also destabilising for the ITG when the effects of kinetic electrons are taken into account.

- The threshold also increases with normalised shear ŝ/q, [26].

- High shear of the toroidal rotation is stabilising and increases the threshold [27];

- Fast ion effects reduce the stiffness and increase the threshold trough ion dilution [28] linear

and non-linear effects, in particular at high β, [29, 30, 31, 32, 33].

2.1. Experimental results

In our experiments to the ITG-driven ion heat flux, we made use of the possibilities offered by

the NBI system. It consists of eight beams injecting each 2.5 MW with different geometries

such that two of them deposit their power with a maximum at about mid-radius and are

labelled here “off-axis”, while the deposition of the other six beams occurs centrally and these

are named “on-axis”. We performed H-mode plasmas in the usual range of ASDEX Upgrade

with PNBI ≈ 5MW , plasma current of 0.8 MA at a magnetic field of 2.6 T, yielding q95 ≈ 5, at

a line averaged density of about 6 1019m−3, corresponding to a Greenwald fraction of about

0.55. These deuterium plasmas were quite pure with Ze f f ≈ 1.1. The aim was to vary the ion

heat flux in the central region by applying either on-axis or off-axis NBI. We used two NBI

beams combined in the following three ways: the extremes cases, two off-axis or two on-axis,

or an intermediate configuration with one off-axis and one on-axis beam which we labelled

”mixed” in the remaining of the paper. During the off-axis phase short NBI blips were made

with on-axis beams for the CXRS diagnostics. In addition ECRH power was also deposited

in the plasma centre, at two different levels: 0.65 MW or 2.75 MW kept constant throughout

the discharges. The lowest power was used to avoid tungsten accumulation during the NBI

off-axis phases, the higher level to also increase Te/Ti and study its impact on the ITG. The

phases with on-axis and mixed NBI were sawtoothing but not the off-axis ones.

The case with PECRH = 0.65 MW is illustrated in figure 1 for the three NBI combinations

for different profiles. The radius used for the horizontal axis is the usual normalised toroidal

flux , ρtor. The power density in the ion channel plotted in panel (a) shows that, as expected
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Figure 1. Ion power deposition and heat profiles in the central region (ρtor ≤ 0.6) for the on-

axis, off-axis and mixed NBI cases, for the case PECRH = 0.65 MW. Panel (a): Ion heat and

NBI fast ion density normalised by the electron density. Panel (b): Total surface-integrated ion

heat flux. The contribution from neo-classical transport is indicated.

for the off-axis case, the ion heat power deposition is low in the central region, ρtor ≤ 0.4.

It clearly increases for the mixed and on-axis cases. The analysis must therefore be carried

out in this region to have a large variation in ion heat flux including a low value in the purely

off-axis case to approach the ITG threshold in R/LTi
. The corresponding variation of the

surface-integrated ion heat flux (Qi) is shown in plot (b), indicating that a variation of Qi of

about a factor of three could be achieved in the inner region, at ρtor ≈ 0.3. We also plot

the heat flux driven by neo-classical transport which is much smaller than that the total flux,

showing that turbulent transport dominates. In the following we label turbulent transport the

quantity Qi,turb = Qi −QNC for comparisons with the gyrokinetic calculations.

For completeness, we also show in figure 2 the electron power deposition and heat fluxes

for the low ECRH power case corresponding to the ion values displayed in figure 1. Plot

(a) shows clearly the peaked ECRH deposition while the lower values reflect the variations

of the sum of the other contributions (Ohmic, NBI and energy exchange) for the 3 NBI

configurations. The surface-integrated heat fluxes of plot (b) indicate that Qe is higher than

Qi (figure 1 b) in the region of interest, around ρtor = 0.3. This explains the fact that in our

experiments Te/Ti is always above 1 as will be seen in the following.

Figure 3 shows the corresponding variations of the Te and Ti profiles for the three NBI

cases and for each of the two ECRH powers. Here also we focus on the central region of the
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Figure 2. Electron power deposition and heat profiles in the central region (ρtor ≤ 0.6) for the

on-axis, off-axis and mixed NBI cases, for the case PECRH = 0.65 MW. Panel (a): Electron

power deposition profile. Panel (b): Total surface-integrated electron heat flux.
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Figure 3. Te and Ti profiles for on-axis, off-axis and mixed NBI deposition for the two PECRH

powers, plotted in the central region, ρtor ≤ 0.6. These are the fits used for the TRANSP

calculations. For clarity the experimental data points are not shown. The dots on some of the

profiles are not measured data but only for easier identification of the profiles.

plasma where the flux variations are the largest and show the profiles for ρtor ≤ 0.60. The

Te profiles displayed in panel (a) are clearly higher for PECRH = 2.75 MW compared to 0.65

MW and in both cases the variations due the different NBI cases are small. In contrast, as

expected, the Ti profiles react clearly to the NBI configuration in the radial region of interest,

0.20 ≤ ρtor ≤ 0.40. The values of Ti are higher for the on-axis case, but more important
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is the fact that for the off-axis cases (low Qi) the profiles are much flatter: low Ti gradient.

Overall, the Ti profiles for the high PECRH cases are lower than for the low power case. We

will show later that this is consistent with the high Te/Ti which destabilises the ITG. Further, it

is worth underlying that, corresponding to the design of these experiments, Ti at ρtor ≥ 0.5 is

almost constant independently of the heat scheme which is expected because the ion heat flux

varies little in the outer part of the plasma in the shift of the power from on-axis to off-axis.

As already pointed out above, this is important because the value of Ti at mid radius is the

boundary condition for the Ti profiles further in. Therefore, in the region of analysis the Ti

profiles are solely determined by transport and heat flux and not by an external condition, e.g.

pedestal top. This indicates that the experiments worked as expected. Not shown here are

the profiles of the toroidal plasma rotation which are very flat in the off-axis case but rather

peaked in the on-axis case.
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Figure 4. Panel(a): variation of Ti at ρtor = 0.27 versus ion heat flux for the three NBI

variations for each of the two cases with low and high ECRH power, 0.65 and 2.75 MW

respectively. Panel (b), corresponding values of Te/Ti.

We made the analysis of the dependence of the ion heat flux upon R/LTi
at ρtor ≈ 0.27

which is the radial position at the which the gyrokinetic calculations presented below have also

been performed. The results for the two cases with PECRH 0.65 MW and 2.75 MW are shown

in the next figures. Figure 4 (a) illustrates the behaviour of Ti at ρtor = 0.27 for the three NBI

cases and the two ECRH cases respectively. As already indicated above, the overall variation

is moderate, whereby the largest change corresponds to the on-axis NBI cases with the highest
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Figure 5. Experimental surface-integrated ion heat flux at ρtor = 0.27 provided by the power

balance analysis plotted versus R/LTi
for the three different NBI depositions and the two

ECRH powers. The lines are only to guide the eye and have no physics meaning.

Qi value, for which Ti is clearly higher than the other two cases of the corresponding ECRH

power. We will come back to this when discussing the gyrokinetic calculations. Figure 4

(b) indicates that, as expected, Te/Ti is clearly larger for the PECRH = 2.75 MW case, but the

variation of Te/Ti with Qi is moderate for each of the two ECRH cases. This is important for

the analysis as the impact of Te/Ti on the ITG stability remains weak for each of the PECRH

cases but might be large between the two ECRH cases.

The relation between ion flux and R/LTi
is shown in figure 5 for the surface-integrated

turbulent flux. It reveals in both ECRH cases a clear increase of the heat flux with R/LTi

induced by the three NBI combinations, from low to high heat flux corresponding to off-axis,

mixed and on-axis respectively. This behaviour is in agreement with the expectation that the

ITG is destabilised above a threshold and that the ITG-driven flux increases with R/LTi
above

this threshold. The plot also suggests a trend for Qi,turb to saturate towards higher R/LTi
which

will be discussed later. For the highest value of PECRH the heat flux is higher which is due

to the additional contribution of PECRH through the energy exchange which flows from the

electron to the ion heat channel, Te being significantly higher than Ti in all the cases. There is

also a small increase from the NBI ion heating due to the higher Te. Important is to note the

steeper increase of the ion heat flux with R/LTi
for the case with higher PECRH , revealing a

clearly higher stiffness, attributed to the destabilisation of the ITG instability induced by the
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higher Te/Ti, as will be confirmed below. The effect of the stiffness on the ion temperature

profiles is obviously strong: at high Te/Ti the variation in R/LTi
just reaches 1.3 and its

maximum value is 4.3, while in contrast at lower Te/Ti the variation in R/LTi
is about 3.5

and a maximum of 7.8 is reached.

To compare the properties of turbulent transport under different conditions the heat

flux is usually normalised to the gyro-Bohm transport. The normalisation is qi,gB =

2
√

2T 2.5
i nim

0.5
i /(e2B2R2), with ni and mi being ion density and mass respectively, e the

elementary charge and B magnetic field. The normalisation is made on the ion heat flux

in Wm−2. The numerical factor (2
√

2) reflects the fact that the calculation of the ion thermal

velocity includes a
√

2 factor. The gyro-Bohm normalisation has the advantage of cancelling

the impact of the variations in Ti which is strong due to the T 2.5
i dependence, if transport is

indeed purely of gyro-Bohm type. In the present case T 2.5
i is by far the strongest impact of

the normalisation. The normalised ion heat flux for our experiments is shown in figure 6.

The points corresponding to the low ECRH power case exhibit a clear saturation towards the

highest values of R/LTi
. The value of qi,gB for the on-axis case is even lower than that of the

mixed case. This is the impact of T 2.5
i through the high value of Ti revealed by figure 4 (a).

This saturation suggests a strong reduction of the stiffness for the on-axis NBI case, which is

reflected by the higher values of both Ti and R/LTi
, as will be confirmed by the gyrokinetic

simulations presented in the next sub-section. The cases with high ECRH power exhibit only

a rather weak saturation, due to the fact that Ti varies little for the three NBI configurations.

Apart from the saturation, the gyro-Bohm normalisation does not change the general features

compared to the plot of the surface integrated flux. In particular the differences between the

two sets with low and high ECRH power are confirmed.

2.2. Results from gyrokinetic calculations

To interpret the above results we performed non-linear gyrokinetic calculations with the GKW

code [34]. The calculations include, collisions, electro-magnetic effects, effect of toroidal

rotation and NBI fast ions. The ITG stabilisation by the fast ions discussed below includes

both dilution and electro-magnetic effects. The non-linear calculations are demanding in

computing time and power, in particular when fast ions are included, such that the number
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Figure 6. Experimental ion heat flux in gyro-Bohm units versus R/LTi
at ρtor = 0.27 for the

three different NBI depositions and the two ECRH powers. The lines are only to guide the eye

and have no physics meaning.

of such calculations must be restricted to the most important cases. The calculations for

the ion heat flux treated in this section were performed in the range of the long turbulence

wavelengths corresponding to that of the ITG. They were carried out with a resolution of 43

toroidal modes and 339 radial modes in a box with size of 80 ρi and 105 ρi in the radial and

binormal directions respectively, allowing to solve up to kyρi = 2.5 with the smallest non-

zero kyρi = 0.06, as well as up to kxρi = 13.6 with a minimum non-zero kxρi = 0.080, with

ρi =
√

2miTi/eB. Moreover, 32 grid points have been used along the field line and the velocity

space is discretised with 20 points for the magnetic moment and 48 points and 2 signs for

the parallel velocity. They include two species or three when the NBI fast ions are taken into

account. The runs were done for the two ECRH powers of 0.65 MW and 2.75 MW, ρtor = 0.27

corresponding to the same cases and at the same radial position as presented above for the

experimental analysis. The experimental data required as input were taken as a representative

average of the corresponding experimental values. The main quantities which vary in the

experiments are the temperature gradients, the heat fluxes and the NBI ion population. It

should be pointed out that the electron and ion densities, as well as their normalised gradients,

vary little, without any recognisable trend depending on the NBI configuration or ECRH

power. This is attributed to the rather high density at which these experiments have been

carried out. In particular R/Lne
is close to 2.1± 0.15 in all the experimental cases. We
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have also verified with linear gyrokinetic calculations that this value is not high enough to

destabilised the ubiquitous mode. Therefore one does not expect any change of turbulence

type due to variations of the density profile between the different heating cases.

The results from the non-linear calculations are shown in figure 7 which displays the

calculated surface-integrated ion heat flux versus R/LTi
. The error bars represent the standard

deviation of the calculated flux during a sufficiently long time interval at saturation. We

first focus on the cases with low ECRH power for which we show calculations including the

effect of the NBI fast ions (solid circles and lines) or not (open circles and dashed lines).

These indicate that taking the NBI fast ions into account reduces the ion heat flux due to the

stabilisation of the ITG. Whereas this effect is almost negligible for the off-axis and weak for

the mixed NBI case, it is strong for the on-axis case: the ion heat flux is reduced by about a

factor of two when the NBI fast ions are taken into account. This is consistent with the larger

population of fast ions at ρtor = 0.27, shown in figure 1 (a) and in line with previous results

[29, 30, 31, 32, 33].

It should be mentioned that, despite the rather high value of the toroidal rotation shear for

the on-axis case, the calculated impact of the E ×B stabilisation remains weak. We attribute
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diamonds and arrows represent the gyrokinetic sensitivity scan described in the text: the

vertical arrow (FI) displays the 16% reduction of Qi corresponding to a 20% increase of the

gradient of the NBI fast ion density, the oblique one the reduction corresponding to a decrease

of R/LTi
within the experimental error bars.

this to the fact that the value of ε/q = 0.066 (ε being the aspect ratio and q the safety factor),

which directly determines the strength of this effect, is indeed small in the central region of

the plasma where we make the analysis, due to the low value of ε.

The results for the case with higher ECRH power are also displayed in figure 7, but, to limit the

number of calculations, only represented by the modelling including the NBI ions. Similarly

to the experimental results, the increase of the ion heat flux with R/LTi
is much stronger than

for the case with low PECRH , indicating a higher stiffness caused by the higher value of Te/Ti.

The direct comparison of these calculations including the fast ions with the experimental

results is shown in figure 8. Focusing first on the cases with low ECRH power: the agreement

between simulations and experiments is rather good for the off-axis and mixed cases, but for

the on-axis case the calculations yield a value of Qi which is about a factor of two above the

experimental value. It should be underlined that, for the NBI on-axis case with a centrally

peaked profile of the fast ion density (see figure 1) there are uncertainties on both the fast ion

density and its gradient at the position of our analysis which is on the flank of the profile.
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Therefore a sensitivity study has been carried out with non-linear gyrokinetic calculations of

the on-axis case by varying separately the density of the NBI fast ion population (nFI) and its

gradient (R/LnFI
). The increase of R/LnFI

by 25% reduces Qi by about 16% and an additional

increase of nFI by 25% further reduces Qi by 20%. This reduction of about 30% brings the

calculated value of Qi much closer to the experimental value as illustrated in figure 8 by the

two vertical arrows and the corresponding diamonds. The uncertainties on nFI and R/LnFI

may arise from various experimental uncertainties but also from the effect of the sawteeth

which redistribute the fast ions from inside to outside of the q = 1 surface which is located

at ρtor ≈ 0.2. Another source of uncertainties in the comparison between experiment and

modelling is R/LTi
. Indeed, a scan in R/LTi

indicates that the calculated Qi value is very

sensitive to it: a reduction of R/LTi
within the experimental error bars (-0.7) leads a strong

reduction of Qi as underlined by the oblique arrow drawn in figure 8. Adding these three

effects of the uncertainties, which is the most optimistic assumption, leads to a Qi value which

agrees with the experimental value within the error bars indicated by the rectangle around

the experimental point. For completeness, an extension of this sensitivity study with linear

gyrokinetic calculations whose ion heat flux was calibrated on the non-linear calculations

indicates that the temperature of the fast ion population (TFI) has no effect on the fast ions

stabilisation. The variation of TFI (7 - 15 keV) was performed around the nominal TFI value

of 11 keV and did not address possible effects of TFI being close to the thermal temperature

or representative of alpha particles of a fusion reactor.

We now consider the cases with high Te/Ti plotted in figure 8: the agreement of the calculation

with the experiment is overall better than for the low Te/Ti. It is, in particular, important to

underline that the higher stiffness caused by the higher Te/Ti is well reproduced. This can

be due to the direct actual impact on the ITG turbulence properties but in addition one might

speculate that the fast ion stabilisation itself is reduced at higher Te/Ti. Dedicated linear

gyrokinetic calculations with and without fast ions performed to address this question did

not exhibit any trend in this direction. Attempted non-linear simulations did not reach a

convincingly long steady saturated state and this hypothesis is not excluded. Furthermore,

it seems that this investigation and the assessment of the results should probably also

include both the role of nonlinearly excited energetic particle driven modes [35] and an
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Figure 9. Ion heat flux in gyro-Bohm units from the gyrokinetic calculations corresponding

to the cases of figure 7. The four diamonds (labelled 1-4) correspond to the fictive change of

R/LTi
indicated by the arrows and described in the text.

increased influence of trapped electron dynamics in ITG turbulence. Such an extensive

gyrokinetic study is out of the scope of the present paper and should be presented in another

dedicated work. Figure 8 shows also that for the mixed and on-axis cases the calculated and

experimental values of Qi agree well. It should be pointed out here that as the stiffness is high,

the heat flux reacts strongly to small variation in R/LTi
such that variations of R/LTi

within

the experimental uncertainties have a large impact on the calculated heat flux. This strongly

reduces the accuracy of the comparison between the calculated and experimental stiffness

values, which is a general issue, see e.g. [32, 31].

As next step of the analysis we now consider the ion heat flux from the gyrokinetic

calculations normalised to the gyro-Bohm transport, shown in figure 9. The saturation towards

higher R/LTi
values (on-axis NBI) is clear but weaker that for the experimental points which

is due to the fact that, in particular for the low PECRH case, the calculated heat flux is too

high, as shown by the previous figure. To better assess the stiffness, we made one fictive scan

in R/LTi
for each of the three NBI configurations at low ECRH power: all the parameters of

each point were kept constant, except R/LTi
which was increased for the off-axis and mixed

cases and reduced for the on-axis case. This is illustrated by the four arrows towards the

each of the fictive points represented by diamonds in figure 9 and labelled from 1 to 4. We
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first focus on arrows 1 and 2 corresponding to the off-axis and mixed cases without fast ions.

They have almost the same slope indicating therefore the same stiffness for these two points,

in agreement with the fact that the plasma parameters impacting on the stability of the ITG

are very similar, except R/LTi
which is increased on purpose. The fact that their slopes are

steeper than the dashed line which connects the open circles representing the calculated points

is caused by the slightly different Ti values (see figure 4). We consider now arrows 1, 3 and 4

which correspond to cases calculated including the fast ions whereas for the off-axis case the

fast ion effect is negligible such that arrow 1 can be considered. For the mixed case, arrow 3

has a somewhat flatter slope that arrows 1 and 2 due to the rather small but measurable impact

of the fast ions. The slope of arrow 4 is much flatter than 1 and 3 which is mainly due to

the strong stabilisation by the fast ions and reflects the weaker stiffness. A small contribution

to this flattening is due the somewhat lower value of Te/Ti. Arrow 4 also suggests a clearly

higher value of the threshold R/LTi,c as compared to the other cases, which is indeed expected

as a consequence of the stabilisation. Thus, for a given applied ion heat flux, the stabilisation

by the fast ions increases Ti through two effects: an increase of R/LTi
by increasing R/LTi,c

and an increase of both R/LTi
and Ti by reducing the stiffness. This explains the clearly higher

value of Ti measured for the on-axis case shown in figure 4, as already pointed out above.

Furthermore, the four fictive scans demonstrate very clearly that each point corresponds to a

different curve in the (qi, R/LTi
) space which is here mainly due to the stabilisation by the

NBI fast ions. This study underlines that the interpretation of experimental results requires

comparison with modelling including all the relevant effects. In other words and as already

specified for the corresponding plots, the lines connecting the points are only drawn to guide

the eye and underline the experimental series but have no physics meaning. In this respect,

particularly striking is the line connecting the mixed and on-axis cases. In general, they

should not be considered as reflecting quantitatively stiffness and threshold because the points

correspond to local plasma parameters affecting the ITG stability which are different and not

only due to a change in R/LTi
.

Turning now to the higher ECRH power and higher Te/Ti cases in figure 9: The three points

exhibit a higher stiffness in gyro-Bohm units as compared to the cases with lower Te/Ti.

This is clearly shown by the two line segments connecting the three points at high Te/Ti
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whereby the actual stiffness is expected to be higher because the heat flux of the mixed and

on-axis points plotted here is reduced by the fast ion stabilisation with a different magnitude.

Therefore, the strong effect of Te/Ti on stiffness is confirmed by the gyro-Bohm normalisation.

It seems to play a stronger role on the Ti profiles than the dependence of R/LTi,c upon Te/Ti.

3. Electron heat channel

As mentioned in the introduction, the electron heat flux can be driven by the ITG, but

the electron instabilities such as TEM and/or ETG can also contribute, in particular if the

externally applied electron heat flux cannot be completely driven by the ITG. We will see in

this section that applying ECRH power leads to this situation in some cases. To investigate

such a situation with gyrokinetic calculations a wide wavelength range from the long ones

of the ITG/TEM to the short ones of the ETG is required. Such a multi-scale non-linear

calculation is a highly demanding in computer power and time and therefore out of the scope

of this work. We restricted the analysis to the linear calculations which are presented below.

This section contains two subsections. In the first one we investigate the electron heat

transport in the NBI on-axis/off-axis experiments described above and in the second one we

described and interpret a dedicated experiment based on a scan of the imposed electron heat

flux using ECRH.

3.1. Electron transport in the on-axis/off-axis NBI experiments

We discuss here the electron heat flux in the experiments presented in the previous section.

This means that in this study the stability of the ITG varies with the changes of the NBI

combination while the electron heat flux, partly (or strongly) imposed by the ECRH power

varies little for each of the cases at 0.65 MW or 2.75 MW. As for the ion heat flux, the

experimental electron heat flux is yielded by power analysis from TRANSP. Note that the

neo-classical electron heat flux is negligible.

The surfaced-integrated electron heat flux taken at ρtor = 0.27 is plotted in figure 10 (a)

versus R/LTi
and in panel (b) versus R/LTe

for the two ECRH powers 0.65 MW and 2.75

MW. As could be expected, Qe is overall much higher for PECRH = 2.75 MW than for 0.65

MW. For PECRH = 0.65 MW we observe, above the minimum value determined by the ECRH
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power, a moderate increase of Qe with R/LTi
induced by the variation of the NBI deposition

which also heats the electrons. If PECRH = 2.75MW the electron heat flux is high, dominated

by the ECRH and almost independent of the NBI variations whose contribution is small in

comparison. As shown by figure 10 (b), for each of the two ECRH powers, the variation in

R/LTe
is rather narrow. As a logical consequence of the higher applied electron heating the

variation in R/LTe
for PECRH = 2.75 MW occurs at higher values whereas the variations due

to the NBI remain small and within the experimental uncertainties of R/LTe
.

The results yielded by the ITG non-linear gyrokinetic calculations described in the

previous section are shown in figure 11 for the electron channel. We remind here that these

calculations represent only the electron flux related to instabilities at the ion Larmor radius

scales (ITG and TEM) without contribution from instabilities at the electron Larmor radius

scales. Panel (a) shows the Qe values equivalent to the ion heat flux points shown in figure

7. The behaviour is rather similar to that of the ion flux which is explained by the fact that

the ITG-driven electron heat flux roughly follows the driven ion flux. Note that the NBI fast

ion stabilisation also reduces Qe. However, it should be pointed out that for the higher ECRH

power Qe is significantly higher than for the low ECRH power, thus reflecting the higher

imposed electron heat flux. Therefore the ITG reacts to the electron heating in particular

through the higher Te/Ti and R/LTe
, but we will see below that this is not sufficient in all the
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Figure 10. Surfaced-integrated electron heat flux versus R/LTi
for the NBI variations and the

two ECRH powers at ρtor = 0.27.
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Figure 11. Electron heat flux from gyrokinetic calculations at ρtor = 0.27. Panel (a): surface-

integrated flux. Panel(b): flux normalised to gyro-Bohm transport. The scans (1-4) of R/LTi

are also indicated.

cases.

For completeness, we display in panel (b) of figure 11 the heat flux normalised to gyro-

Bohm plotted versus R/LTi
. Note here that the gyro-Bohm normalisation is made using TeT 1.5

i

instead of T 2.5
i . As for Qe, the results are very similar to those of the ion heat flux shown in

figure 9, they do not yield noticeable additional information. The saturation for the on-axis

NBI case is also present and that the fictive scans in R/LTi
(1 - 4) exhibit a similar picture as

that found for the ion heat flux.

More instructive and important is the comparison between the experimental Qe data and these

gyrokinetic results as shown in figure 12. For the NBI on-axis cases of each of the two ECRH

powers, which correspond to the highest R/LTi
values, the calculated electron heat flux is

comparable to the experimental one within differences which are similar to those found for

the ion heat flux. Here also this means that, in the cases with high Te/Ti values, the high ITG

turbulence seems to be sufficient to drive the whole electron heat flux, even in the presence

of high ECRH power. In contrast, for the off-axis cases, lowest values of R/LTi
in figure 12,

the calculated values of Qe are clearly lower than the experimental ones, the difference being

particularly large for the case with high ECRH power. This is due to the fact that the high

electron heat flux imposed by the ECRH power cannot be driven by the instabilities at the ion
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wavelength scale only: as R/LTi
is low the ITG is not strongly unstable.
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Figure 12. Comparison of the experimental and calculated surface-integrated electron heat

flux versus normalised ion gradient. Analysis done at ρtor = 0.27.

0

1

2

3

4

0 0.5 1 1.5 2

Q
e
,e

x
p

,
Q

e
,G

K
[M

W
]

Qi,exp , Qi,GK [MW]

PECRH Exp GK

0.65

2.75

Figure 13. Experimental and calculated surface-integrated electron heat flux versus respective

ion heat flux for the three NBI configurations and the two ECRH powers. Analysis at

ρtor = 0.27.

As a complement to this plot, we show in figure 13 Qe versus Qi from experiment and

modelling. We consider first the gyrokinetic calculations: Qe increases roughly linearly with

Qi but with a slope which depends on the applied electron heat flux through PECRH . For the
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Figure 14. Spectra from linear calculations covering the ITG-ETG wave length range, with

the parameters taken at ρtor = 0.27. Plot (a) on-axis NBI case for the two ECRH powers. Plot

(b) off-axis NBI case for the two ECRH powers.

low ECRH power case the slope corresponds roughly to Qe ≈ 0.65Qi while it is much steeper

for the high ECRH case with Qe ≈ 2Qi. Therefore, already indicated above, the calculated

Qe reacts to the ECRH power. The comparison with the experimental points indicates that for

the on-axis NBI cases the agreement is acceptable, whereas the calculated value is somewhat

too high. This plot suggests that a reduction in Qi, as discussed in the previous section,

would also reduce Qe and yield a better agreement for Qe for the on-axis NBI cases. The

other points of this plot for the high ECRH power also indicate clearly the strong discrepancy

between experiment and modelling for off-axis NBI, as well as the rather poor agreement for

the mixed case. For the off-axis case at low ECRH power the agreement is also poor. Thus, as

already indicated above, in such cases with rather low ion heat flux and low R/LTi
, an electron

instability, TEM and/or ETG, must contribute to the electron heat flux drive.

This is investigated in the two plots of figure 14 which display the results of the linear

gyrokinetic calculations over the ITG/TEM to ETG wavelength range. Plotted here is the

normalised growth rate of the instabilities, versus the normalised inverse wavelength, kyρi.

The spectra of plot (a) corresponding to the two on-axis NBI cases with the different ECRH

powers exhibit two peaks, one in the ITG/TEM wave length range (low kyρi) and one in

the ETG range (high kyρi). These spectra exhibit only small differences between the two
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ECRH power and the two peaks have about the same amplitude. This is coherent with the

fact that the non-linear calculations of Qe (made in the low kyρi range) agree rather well with

the experiment. In contrast, the cases with off-axis NBI displayed in plot (b) reveal strong

differences between the two ECRH powers. The ITG peaks remain comparable for the two

ECRH powers, but for the high ECRH power the ETG peak is much higher and broader

than for the low ECRH power. This clearly indicates that in this case the ETG is strongly

destabilised by the increased ECRH power to contribute to the imposed electron heat flux.

This is in agreement with the results of recent multi-scale gyrokinetic simulations [36, 37]

and with the improved quasi-linear multi-scale saturation rule discussed in [38]. From this it

can be expected that in the case with high ECRH power and off-axis NBI the ETG turbulence

is more strongly destabilised and provides a significant contribution to the imposed electron

heat flux.

The development of the ETG instability to drive the imposed electron heat flux has been

investigated in more details in dedicated experiments described in the next subsection.

3.2. Scan of the electron heat flux

The aim of the experiments was to search for the evidence of the appearance of an electron

instability above a certain level of electron heating power in addition to the NBI power. The

plasma discharges are rather similar to those performed for the study described above: same

plasma current (0.8 MA) and magnetic field (2.6 T), but in this case we applied constant

central NBI of 5 MW throughout the discharge.

To investigate the electron heat transport, we increased the electron heat flux with the

method which consists in varying the electron heat flux by applying on-axis and off-axis

electron heat deposition keeping the sum approximately constant. For this purpose, we

applied ECRH power deposition rather centrally (ρtor ≈ 0.25) and more off-axis (ρtor ≈ 0.65)

varying the ratio PECRH(0.25)/PECRH(0.65). The resulting variation of the electron heat flux

is illustrated in figure 15 by a selection of some cases. The lowest curve corresponds to full

off-axis ECRH and therefore the heat flux in the region ρtor < 0.6 is only due to the NBI.

The highest curve corresponds to the full on-axis ECRH case. As schematically indicated in

the plot, the ECRH power deposition profile is narrow, with a width of ρtor ≈ 0.1, the two
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heat flux with ECRH, as described in the text. The ECRH on-axis off-axis power depositions

are indicated schematically.
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Figure 16. Experimental values of Te and Ti at ρtor ≈ 0.5 in the variation of the electron heat

flux through ECRH, as described in the text.

depositions do not overlap and this induces a variation of the electron heat flux at ρtor ≈ 0.5

of about 1.5 MW in addition to the constant heat flux provided by the NBI which is just below

0.5 MW.

Figure 16 shows that Te and Ti at ρtor = 0.5 vary little in this scan, Te/Ti is close to unity
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which is due to the rather high density, which increases the electron-ion energy exchange

(∝ n2) in comparison to the previous cases and also to the fact that the analysis is made further

out in radius such that the impact of energy exchange in bringing the temperatures together

is stronger. As a consequence, the ITG instability is not strongly destabilised which favours

the development of an electron instability when the electron heat flux is increased, as will be

shown below.
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Figure 17. Experimental values of Qe versus R/LTe at ρtor ≈ 0.5 in the variation of the electron

heat flux through ECRH, as described in the text. The point in the lower left corner is the flux

due to NBI only, no central ECRH.

Figure 17 reveals a clear increase of the electron heat flux with R/LTe
at ρtor = 0.5. The

dashed line represents the linear fit to the points with ECRH, excluding the one point with

NBI only. It suggests that a value of R/LTe
around 6.5 at the level of Qe for NBI alone could

be interpreted as the threshold for an electron instability reflected by the strong increase of

Qe above R/LTe
≈ 6.5 for a moderate increase in R/LTe

. We will show below that this can be,

here also, interpreted as the development of the ETG instability above its threshold.

As indicated above, the analysis of the electron perturbative transport provided by

modulating the electron temperature with ECRH reveals the existence of an electronic

instability in the transport mechanism and the related threshold if R/LTe
is varied in the

required range. Here we applied a 100 Hz modulation with an amplitude of about 150 kW to

the deposited ECRH power, either at ρtor = 0.25 or ρtor = 0.65. The induced Te modulation



Heat transport in ASDEX Upgrade 24

allows us to analyse the perturbative electron transport around ρtor = 0.5 yielding χHP
e and

compare it to χPB
e . To ensure good Te data deduced from the modulated ECRH the ELMs were

mitigated with edge magnetic perturbations which requires a density of about 7 1019m−3 in

the high collisionality branch, [39]. The results of this analysis are shown in figure 18 which

reveals a weak increase of χPB
e with R/LTe

but a strong increase of χHP
e above R/LTe

≈ 7. This

suggests that the R/LTe
threshold for this active instability is close to 7. This is consistent with

the threshold suggested by the heat flux analysis of figure 17. These results provide a clear

evidence for the development of an electron instability above R/LTe
> 7.

Similarly to the study described in the previous subsection, linear gyrokinetic

calculations were performed over a large range of turbulence wavelengths which cover the

ITG/TEM to ETG ranges. Here, the value of R/LTe
has also been varied in the range of the

experiment, from 4 to 12. The spectra yielded by the linear calculations for the different

values of R/LTe
are shown in figure 19, normalised growth rates versus kyρi. As in figure

14 they exhibit two peaks, one in the ITG range and the other in the ETG range. The latter

exhibits a clear increase of the growth rates with R/LTe
while the effect of R/LTe

is much

smaller in the kyρi range corresponding to ITG/TEM. The analysis of the rotation of the modes

indicates that the high kyρi are due to electron modes, therefore ETG, while the low kyρi are

0

2

4

6

8

10

12

3 4 5 6 7 8 9 10

χe
HP

χe
PB

χ
e
P

B
χ

e
H

P
[m

2
/s

]

R/LTe

ρtor ≈ 0.5

Figure 18. Experimental values of χPB
e and χHP

e versus R/LTe at ρtor ≈ 0.5 in the variation of

the electron heat flux through ECRH.
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Figure 19. Spectra of the linear gyrokinetic calculations at ρtor = 0.5 for the electron heat flux

scan and the corresponding variation in R/LTe . This shows a contour plot of the normalised

growth rate versus normalised inverse turbulence wavelength for different values of R/LTe .

strongly dominated by the ITG. The turbulence rotation associated with the spectra of figure

19 indicate that for all values of R/LTe
the turbulence is of ion type (ITG) for kyρi ≤ 0.5 For

kyρi ≥ 1 the turbulence is of electron type (TEM and/or ETG) for all values of R/LTe
. This

behaviour of the spectra is in agreement with the expectations: a weak destabilisation of the

ITG with increasing R/LTe
and a strong increase of the electron turbulence with increasing

R/LTe
. The intermediate range 0.5 < kyρi ≤ 0.8 is a zone of transition in which the ion

turbulence is present for lower R/LTe
and electron turbulence for higher values of R/LTe

. The

electron turbulence corresponding to values of kyρi in the range 0.8 - 2 can be considered

as TEM, while higher values of kyρi are attributed to the ETG, as schematically indicate in

figure 19 by rectangles. These spectra indicate that the growth rate in the TEM range remains

much weaker that in the ETG range. According to the criterion for the saturation rule in

multi-scale calculations presented in [38], the fact that the peak in the ETG range exceeds

that of the ITG/TEM range for R/LTe
values above 6-7 indicates a significant contribution

to electron heat transport by the ETG towards high R/LTe
. The heat transport driven by the

ETG turbulence is higher than expected solely from its small scale thanks to the appearance

of streamers [26] and is named “streamer regime” in [38]. Therefore, increasing the electron

heat flux under the conditions of our experiments destabilises the ETG much more than the

TEM such that the relative contribution of the TEM to electron heat transport is much weaker
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than that of the ETG with streamers.
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Figure 20. Results of the linear gyrokinetic calculations for the ITG and ETG selection of

kyρi ranges shown in figure 19 by the two rectangles. This illustrates the strong increase of the

normalised growth rate for the ETG while that of the ITG is weak.

Selecting ranges representative for the ITG and ETG as indicated in figure 19 by the

two rectangles and plotting in figure 20 these normalised growth rate values versus R/LTe

indicates clearly the increase of the ETG activity above R/LTe
≈ 6 while the ITG varies little.

This is in quantitative agreement with the increase of χHP
e shown in figure 18, confirming the

appearance of the ETG.

There is a difference between the two sets of experiments. While in the variation of the

NBI configurations the ETG instability was strongly destabilised with high ECRH power in

the off-axis but not in the on-axis NBI cases, here the ETG is strongly destabilised with a

similar power of on-axis NBI. We attribute this difference to the different values of Te/Ti

which is close to unity in the present case while it reached two in the analysis discussed in the

previous subsection. The difference in Te/Ti has two consequences: the higher temperature

ratio destabilises the ITG such that the electron heat flux is high but it stabilises the ETG, in

particular through the threshold which is higher. Conversely, for the case with Te/Ti ≈ 1, the

ITG is more stable and the ETG less stable explaining that the ETG can become active in the

ECRH scan despite of the on-axis NBI.
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4. Summary and discussion

We presented a study of ion and electron heat transport in H-modes whereby for each of the

channels the heat flux has been varied using a variation between on-axis and off-axis power

deposition. The ion heat flux was varied with NBI, the electron heat flux and the Te/Ti ratio

with ECRH. This provided two series of H-modes to study the ion heat flux at two different

values of Te/Ti while the electron heat flux could be investigated in these two series and in a

dedicated scan of the electron heat flux.

The ion heat flux, which is driven by the ITG, exhibits the behaviour predicted by theory and

confirmed by gyrokinetic modelling for these experiments as follows:

- The existence of a threshold in R/LTi
above which the heat flux increases is seen without

ambiguity. The estimates of the threshold from modelling and experiment agree well.

- The destabilisation of the ITG instability at higher Te/Ti is evidenced. Our results show

clearly that it leads to a somewhat lower threshold in R/LTi
but more important to a stronger

stiffness such that the Ti profiles are forced to be closer to the R/LTi
threshold for a given ion

heat flux which significantly affects the Ti profiles. These effects of high Te/Ti are quantita-

tively well reproduced by the modelling results. Whether this is only due to the direct impact

of Te/Ti on the ITG stability or that an additional effect of the temperature ratio on the ITG

stabilisation by the fast ions also contributes could not be clarified within the frame of the

present work.

- The stabilisation by the NBI fast ions is strong whereby in the case of the highest stabilis-

ing effect the flux reduction in the gyrokinetic calculation seems somewhat too weak but the

accuracy of the comparison depends on uncertainties on the estimate of the fast ion density

profile.

As known for more than two decades, the Te/Ti ratio plays a role on confinement. High con-

finement is generally obtained with low Te/Ti values, yielding high values of Ti and R/LTi
as

a results of low ion heat transport corresponding to the weak ITG activity.

Conversely, applying electron heating often induces a reduction of Ti and R/LTi
which is dele-

terious for confinement, see for instance [40, 41, 42, 43, 33]. Our results on the effect of Te/Ti

are therefore in line with previous results and in addition evidence explicitly the impact of the
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change in stiffness. This also explains why comparisons based on the Te/Ti dependence of the

ITG threshold only are regularly found to under-predict the negative impact of an increase of

Te/Ti on the confinement, since, as demonstrated in the present work, the change in stiffness

causes an even stronger negative effect.

The expected stabilising effect by fast ions, here from NBI, is found in our study, in agree-

ment with recent publications [29, 30, 31, 32, 33]. Our results indicate without doubts that this

stabilisation decreases the stiffness and suggest an increase of the threshold, the latter cannot

be demonstrated experimental though, because decreasing the ion heat flux, from off-axis to

on-axis NBI, is correlated with a reduction of the fast ion density. Note that this would also

be the case for ICRH. This stabilisation is of course favourable for high Ti. In this frame,

even at fixed Te/Ti value, which is possible in the experiments if the ratio of ion to electron

heating can be adjusted, the points with different ion heating and fast ion population do not

belong to the same threshold-stiffness curve in the (qi, R/LTi
) diagram, with or without gyro-

Bohm normalisation. Consequently, as clearly demonstrated by our study, the interpretation

of experimental results on qi versus R/LTi
requires comparison with modelling including the

relevant effects. Further analysis based on quasilinear modelling is being carried out [44].

Furthermore, in the on-axis off-axis experiments it is also essential to keep the boundary con-

dition of the temperature profiles constant outside of the region where the heat flux is varied,

which is the case in our study. It is indeed well-known that Ti in the core is roughly propor-

tional to the boundary temperature (e.g. pedestal top), [45, 46, 47]. Therefore a variation of Ti

at the boundary can introduce a Ti variation at the radial position of the analysis may induce a

misleading interpretation, in particular through the T 2.5
i of the gyro-Bohm normalisation.

An analysis of the properties of the ion heat flux has been carried out in the DIII-D toka-

mak, [48]. It should be pointed out that this tokamak is very similar to ASDEX Upgrade,

both in size and physics parameters such that one expects the physics results to be similar.

In these DIII-D experiments the heat flux has been varied by NBI power scans using NBI

on-axis deposition with either co-injection and counter-injection, providing the possibility to

investigate the effect of plasma rotation, which cannot be done in AUG. These results yield

a weak impact of plasma rotation on ion heat transport which is therefore in line with our

data. This study yields a power scan for two different classes of plasmas, low and high NBI
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torque. These two sets of experiments based on scans of the NBI power deposited centrally

probably induced, in addition to the variation of R/LTi
, from changes of quantities impacting

on the ITG stability and gyro-Bohm normalisation: Ti (including pedestal top), NBI fast ion

content and possibly Te/Ti. For each plasma of these two classes the ion heat transport has

been analysed yielding plots of the ion heat flux in gyro-Bohm units versus R/LTi
. In contrast

to our results, these plots exhibit a clear decrease of qi,gB with increasing R/LTi
and therefore

not any indication of threshold and stiffness behaviour. It is indicated in reference [48] that

the predicted variations of the ITG threshold with Te/Ti are not sufficient to explain the mea-

sured change in experimental values of R/LTi
or to hide the threshold-stiffness behaviour. It is

therefore concluded in [48] that the hypothesis of ”stiff transport” does not apply to these ex-

periments or that the stiffness is very weak. The difference between the results obtained in the

two devices can be due to the way the experiments have been conducted, such that the impact

of the various physics quantities on the ITG stability vary. Our study indicates that the sta-

bilisation by the fast ions can be strong enough to significantly reduce the stiffness, therefore

leading indeed to a weak stiffness. This could explain the results of the DIII-D experiments

in which a significant content of NBI fast ions can be expected as the density was lower than

in our experiments and the NBI power higher. As further experimental difference, one may

speculate that in the DIII-D experiments the pedestal ion temperature might increase with the

ion heat flux of the NBI power scan. Such a change of the boundary condition for Ti would

cause an increase of Ti in the core, which in turn reduces the gyro-Bohm normalised ion flux

through the T 2.5
i normalisation but does not reflect the actual physics transport properties, as

already discussed above. Therefore, one might speculate that in the DIII-D experiments an

increase of Ti due to the combined effects of fast ion stabilisation and pedestal temperature

could yield this unexpected behaviour of qi,gB through the T 2.5
i dependence of the gyro-Bohm

normalisation and therefore hide the stiffness behaviour. The cause of the difference between

the two devices could be clarified by a quantitative comparison of the datasets in the frame of

the corresponding joint experiment in the ITPA Transport and Confinement working group.

The aim of our experiment on the electron heat flux was to search for the predicted appearance

of an electron instability, TEM or ETG, when the electron heat flux is increased by applying

applied electron heating above a level which cannot be driven by the ITG only. This has been
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achieved along two lines of experiments which are complementary. In one of them the stabil-

ity of the ITG was varied by changing the ion heat flux with NBI, keeping the electron heat

flux rather constant. In the other one, the ion heat flux and the ITG activity were almost not

changed while the electron heat flux was increased. In both cases the ETG instability devel-

ops above a certain R/LTe
threshold and contributes to the drive of the electron heat flux. The

results of the linear calculations carried out for such cases indicate that the TEM instability re-

mains weak and most probably does not contribute significantly to the electron heat transport.

This is not general and related to our experimental conditions, with rather low values of Te/Ti

and high collisionality which favour the appearance of the ETG and damp that of the TEM

which would require lower collisionality and higher Te/Ti, while increasing Te/Ti and Ze f f

would concomitantly increase the threshold for the ETG turbulence and damp its activity. We

verified in additional linear gyrokinetic calculations that the TEM instability indeed appears

while the ETG is strongly damped when collisionality is decreased, Te/Ti, density gradient

and Ze f f increased. A detailed dedicated study is being carried out at AUG on this topic [49].

Results suggesting the appearance of the ETG with increasing electron flux have also been

found in the JET tokamak, [37]. In experiments carried out in the DIII-D, in L-mode at lower

density and lower NBI power [5], an electron instability appeared at high electron heat flux

but is attributed to the TEM and not the ETG. These discharges were carried in conditions

favourable for the appearance of the TEM and not for the ETG, such as low collisionality,

Te/Ti > 1 and rather high density gradient. As mentioned above, for such conditions our cal-

culations also predict the appearance of the TEM, such that there is no contradiction between

the results found in these two devices.
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