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Abstract 
Dedicated electron heat transport experiments have been carried out in L- and H-mode Deuteri-
um plasmas of the JET-ILW tokamak to identify the amount of electron heat carried by electron-
scale Electron Temperature Gradient (ETG) modes. Ion Cyclotron Resonance Heating at differ-
ent positions has been used to probe the response of the electron temperature inverse gradient 
length R/LTe to changes in electron heat flux qe, whilst different amounts of Neutral Beam Heat-
ing allowed to scan the ratio of ion to electron temperature Te/Ti, which is a key parameter for 
the onset of ETGs. Results indicate a steepening of the normalized qe vs R/LTe curve above 
R/LTe~8 for Te/Ti≤1, suggestive of the ETG onset. Ion-scale gyro-kinetic (GK) simulations match 
the ion heat flux and the low-R/LTe part of the qe curve, but do not reproduce such steepening at 
high R/LTe. Multi-scale GK simulations covering both ion and electron scales and including one 
impurity bundling light and heavy species indicate an ETG contribution only for R/LTe values 
larger than the experimental ones. Sensitivity studies of such result are difficult to achieve due to 
limitation in numerical resources. The quasi-linear TGLF model has been used for sensitivity 
studies. With the same bundled impurity as the GK multi-scale, TGLF shows the qe steepening at 
much larger R/LTe values than in experiment, but when using the real mix of light impurities 
neglecting the heavy impurities, TGLF gets closer to the experimental results. Profile simula-
tions with TGLF including both light and heavy impurities show over-prediction of Te profiles 
and in some cases also of density, but good Ti predictions, confirming issues with the model 
electron stiffness for these plasmas. 
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__________________________________________________________________________________________________ 
 
 
1. Introduction  

 
Electron heat transport will play a more strategic role in 
determining fusion power production in future reactors 
with dominant electron heating than it does in present 
devices with dominant ion heating. In fact in the electron 
heating case the ion temperature Ti can never exceed the 
electron temperature Te (since the ion heating comes 
from the electron channel through collisional exchange) 

whilst in the ion heating case at low collisionality Ti can 
peak even if Te is limited by turbulence. This has trig-
gered a renewed effort to clarify the electron heat 
transport mechanisms and validate theoretical models for 
their description, for an increased reliability of predictive 
simulations. 
Early studies of electron heat transport in small/medium 
size devices with dominant Electron Cyclotron Reso-
nance Heating (ECRH) and Te/Ti>>1 (see [1] for a re-
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view) had validated a picture of electron heat transport 
due to ion-scale turbulence, i.e. Ion Temperature Gradi-
ent (ITG) and Trapped Electron Modes (TEM), the latter 
characterized by mild levels of stiffness (i.e. the response 
of the turbulent normalized electron heat flux qe to the 
electron temperature inverse gradient length 
R/LTe=R|∇Te/Te| with R the major radius). However 
recent studies in several devices in presence of mixed 
ion and electron heating with Te/Ti≤1 and with high 
R/LTe drive have revealed high levels of electron stiff-
ness, that ion-scale gyrokinetic (GK) simulations are 
unable to match [2-7]. These are experimental indica-
tions of a possible role of electron scale instabilities, i.e. 
Electron Temperature Gradient (ETG) modes, whose 
linear threshold is known to scale with Zeff Te/Ti [8], 
where 𝑍!"" =

!!
!

! !!
!!

. Modelling ETG transport requires 
nonlinear multi-scale GK simulations, covering both ion 
and electron scales and accounting for their coupling, 
since multi-scale interactions determine an effective non-
linear threshold for ETG transport gaining importance 
over the ion-scale instabilities. These simulations are 
computationally very heavy and only few have been 
performed so far with realistic mass ratio [3,4,9,10]. 
They indicate that indeed in such situations a significant 
fraction of electron heat is driven by ETGs. However in 
some cases due to limits in computational resources 
some approximations were made, e.g, in the cases of JET 
[4] and AUG [10] impurities were neglected, thereby 
making the comparison with experiment only qualitative. 
In addition, experimentally it is not easy to have clear-
cut evidence of electron heat fluxes not accounted for by 
ion-scale turbulence, due to uncertainties in the Ti, Te, ne 
gradients and in the heat depositions. It is also difficult 
to push the normalized qe very high above the ETG  
threshold, e.g. in the TCV [6] and AUG [7] experiments 
the qe was very marginally above threshold and the main 
evidence for high stiffness came from the analysis of the 
Te modulation, which allows an independent determina-
tion of the local slope of the qe vs R/LTe curve. 
For these reasons, new experiments have been performed 
at JET, using different NBI levels to scan Te/Ti and using 
ICRH on- vs off-axis to scan the qe vs R/LTe curve. These 
data have then been addressed by ion-scale and multi-
scale GK simulations including also impurities. The 
quasi-linear model TGLF both in its “SAT1-geo” ver-
sion [11,12] and in its very recent “SAT2” version [12] 
has also been compared with experiments and with GK, 
to validate its ability to properly predict multi-scale 
transport. 
Sect.2 described the experimental set-up, Sect.3 the 
experimental results, Sect.4 the ion-scale  and multi-
scale GK simulations, Sect.5 the TGLF tests, with Sect.6 
summarizing the main conclusions and providing an 
outlook for future work. 
 
2. Experimental set-up and results 
 
Dedicated electron heat transport experiments have been 
performed in JET ILW (ITER-like-wall) 
(R/a=2.96m/0.95m) in Deuterium L- or H-mode plasmas 
with toroidal magnetic field BT~ 3.3  T, plasma current Ip 

~ 2  MA, safety factor at the magnetic surface enclosing 
the 95% of the poloidal magnetic flux q95 ~ 5 , electron 
density in the plasma center ne,0 ~ 3–4 x1019  m−3, and 
different levels of neutral beam injection (NBI) and ion 
cyclotron resonance heating (ICRH). Zeff varies over the 
whole dataset between 1.5 and 2.8, depending sensitively 
on the ICRH power, bringing in metallic impurities. Be, 
C, Ni and W are intrinsic and Ne is injected in minimal 
amounts for charge-exchange measurements. Heavy 
impurities are the main contributors to the largest Zeff 
values. In these discharges there is no significant MHD 
activity apart from sawteeth in the later phase of each 
discharge. However, due to high q95, the inversion radius 
is small and they do not affect the region where we study 
ETGs. In these experiments, mid-radius qe scans at con-
stant total power were carried out by using on- versus 
off-axis ICRH power in different proportions in (H)– D 
plasmas with nH/ne ~ 5%  to achieve dominant electron 
heating. These qe scans allow to determine the R/LTe 
threshold for the onset of turbulent electron heat 
transport and the electron stiffness, which we define as 
the slope of the gyro-Bohm normalized heat flux qe

GB vs 
R/LTe  (qe

GB= qe /(neTecsρs
2/R2) with 𝑐! = 𝑇! 𝑚!  and 

ρs=mics/eB, mi being the ion (Deuterium) mass, e the 
electron charge and B the toroidal magnetic field). Un-
fortunately the use of H minority heating prevented the 
use of Te modulation via ICRH modulation, due to too 
broad deposition profiles and too long fast ion slowing 
down times, unlike in [4] where the use of Mode Con-
version allowed Te modulation at the expenses of a high-
er Zeff due to the high 3He concentration needed. In the 
present experiments we privileged the need of a cleaner 
plasma to achieve a lower ETG threshold and facilitate 
their detection. The NBI power was varied between 0 
and 20 MW, whilst the ICRH power was generally kept 
at 6 MW, with some shots at 3 MW. This allowed to 
obtain sets of qe scans at different Te/Ti. At the radius 
examined for the ETG detection, ρtor=0.5 with 
𝜌!"# = Φ 𝜋𝐵! Φ 𝜋𝐵! !"# , Te/Ti varied from 
0.8 at high NBI to 1.3 at low NBI and full ICRH power. 
The central Te/Ti variation was obviously much larger. 
Figure 1 shows as an example the time traces of some 
main plasma parameters and powers, with two NBI lev-
els explored in each shot to minimize the number of 
shots required to achieve a sufficient dataset. 
Figure 2 shows as an example the radial profiles (aver-
aged over typically 0.5-1 sec) of temperatures, density, 
toroidal rotation and safety factor (q) profile for a pair of 
shots with 6 MW of NBI power and on- vs off-axis 6 
MW ICRH power. Te is measured by high resolution 
Thomson Scattering (HRTS) and Electron Cyclotron 
Emission (ECE) radiometer, Ti and rotation are meas-
ured by Active Charge Exchange (CX) on Ne and D-α, 
ne is measured by HRTS and LIDAR Thomson Scatter-
ing, q is reconstructed by EFIT [13] with constraints 
from magnetic measurements and pressure for the best 
reconstruction of magnetic surfaces used for diagnostic 
mapping, and with additional Faraday rotation constraint 
for a better reconstruction of the q profile in the inner 
region. The figure shows also the experimental error bars 
and the fits obtained by Gaussian Process Regression 
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(GPR) [14]. Errors on R/LTe and R/LTi are estimated 
around ± 20%, for R/Ln around ±40%. We note a ten-
dency of the q and ne profile peaking to increase from 
off-axis to on-axis ICRH, which will be discussed later. 

 
Figure 1. Time traces for shot 95852 of a) NBI and ICRH  
power, plasma current and toroidal field; b) line averaged elec-
tron density, central electron and ion temperatures. The NBI 
notches are on purpose for Charge Exchange diagnostics. 
 
From the fitted profiles the values of R/LTe and associat-
ed uncertainties are calculated, with the spatial deriva-
tives taken with respect to the flux surface label r = (Rout 
− Rin)/2 , where Rout and Rin  are the outer and inner 
boundaries of the flux surface on the magnetic axis 
plane. qe at ρtor=0.5 is obtained by calculating the NBI 
power deposition with PENCIL [15], the ICRH deposi-

tion by PION [16], and in some cases by SELFO [17] as 
a cross-check, the radiated power from bolometry, the 
Ohmic power and collisional coupling are estimated with 
analytic formulae for resistivity and collision time and in 
some cases cross-checked with interpretative transport 
simulations using the ASTRA [18] transport code. This 
procedure leads to the qe

GB vs R/LTe plot shown in Figure 
3a, where we show 3 sets of points, distinguishing the 
different NBI levels (<1.5 MW, 4.5-6 MW and 16-20 
MW) and consequently the Te/Ti value (respectively 
Te/Ti at ρtor=0.5 ~1.3, 1, and 0.9). We note that in Figure 
3 amongst the whole set of experimental points we have 
retained those presenting similar value of parameters 
such as q, s, s/q, R/Ln, R/LTi, Zeff, Te/Ti, since the qe scan 
is ideally to be made varying R/LTe at constant other 
parameters. More precisely, the maximum excursions for 
the set Te/Ti =1, corresponding to pairs of fully on- vs 
off-axis, are: 4.5<R/LTi<5.8, 1.85<R/Ln<2.6, 
1.76<q<2.18, 0.47<s<0.87, 0.22<s/q<0.49, 1<Te/Ti 
<1.18. However it has to be noted that these are the real 
extremes comparing full on and off-axis, and many 
points that are on-axis with somewhat different total 
power or mixed on- and off-axis have much less varia-
tions. In fact, by isolating points with very similar pa-
rameters, we have cross-checked that the curve slope is 
consistent with the whole set. Zeff is typically comprised 
between 1.8 and 2.2, but, being rather sensitive to the 
level of ICRH power, there are 2 discharges with very 
high ICRH that reach Zeff=2.8, and 2 discharges at low 
ICRH that have Zeff~1.5-1.7. 

Figure 2. Radial profiles for a couple of shots with ON vs OFF axis ICRH, NBI power=6 MW: a) electron temperature b) electron den-
sity and ion temperature c) toroidal angular frequency and safety factor. Blue refers to on-axis (averaged around t=8 sec) and red to off-
axis (averaged around t=6.5 sec). For Te HRTS is full symbols and ECE radiometer is open symbols. Dashed lines are the GPR fits. 
 
The high NBI points in Figure  3 (Te/Ti ~0.9) are in H-
mode with high pedestal, therefore the gyroBohm nor-
malization over neTe

5/2 pushes them to the low qe
GB re-

gion, making impossible to have a stiffness estimate. 
Instead the two sets with low and medium NBI are in 
low pedestal H-mode and L-mode respectively, therefore 
a good scan of qe

GB values could be achieved. To the 
extent that the minor differences in parameters can be 
neglected, these two sets of data allow to determine a 
threshold and a slope indicating the stiffness level, which 
we define as ∂qe

GB /∂R/LTe. We note that a scan in nor-
malized ion heat flux qi

GB is also produced as a side 
effect, as shown in Fig.3b. This indicates very high ion 

stiffness for the 3 sets. This property will be used to 
adjust the qi

GB  match of simulations in Sect.3 and 4, by 
small variations of R/LTi within error bars. Matching qi

GB 

is in fact very important for the non-linear ETG dynam-
ics. Concerning the variation in q and ne peaking ob-
served when going from off-axis to on-axis ICRH (R/Ln: 
1.85à2.6, q:2.18à1.76, s:0.47à0.87,  s/q:0.22à0.49)  
we note that they basically cancel out in the TEM 
threshold expression given in [19]: 

𝑅
𝐿!"

!"#

=
0.357 𝜖 + 0.271

𝜖
4.9 − 1.31

𝑅
𝐿!
+ 2.68𝑠

+ 𝑙𝑛 1 + 20𝜈!""            (1) 
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where ε is the local aspect ratio and νeff the effective 
collisionality, so they would not alter the part of the 
experimental curve at lower flux (qe

GB <40) which is 
expected dominated by TEMs. This is in fact confirmed 
by the fact that shot 95461, which is on-axis but had a bit 
larger power level, ends up very near to the off-axis 
95462. Instead on the ETG threshold expressed by [8]: 

𝑅
𝐿!"

!"#

= 𝑚𝑎𝑥 1 + 𝑧!""
𝑇!
𝑇!

 1.33

+ 1.91
𝑠
𝑞
, 0.8 

𝑅
𝐿!

           (2) 

 (where at experimental R/Ln it is the first term that mat-
ters) the change in s/q determines an increase in thresh-
old  of R/LTe ~0.5 for the on-axis case, so that it does not 
fall on exactly the same curve as the off-axis point. This 
implies that the apparent stiffness when fitting both 
points with the same curve is a lower limit to the real 
stiffness, in case ETGs start playing a role.  
Overall the three sets of points have similar threshold 
within experimental uncertainties, thus independent of 
Te/Ti. We remark that the flat qe

GB values at low R/LTe for 
the Te/Ti =1.3 set are typically indicative of the qe bias 
due to ITGs and do not indicate a lower threshold. Such 
independence of threshold from Te/Ti points to that being 
the TEM threshold, since ETGs are predicted to have a 
stronger Te/Ti dependence. The stiffness of the two sets 
at medium and low NBI is also similar in the region qe

GB 
<40, and shows signs of higher stiffness for the Te/Ti ~1 
set above qe

GB =40, although the number of points is low. 
The highest points were reached by lowering a bit the 
total power besides having fully on-axis ICRH, but still 
preserving similar parameters, with a bit lower Zeff. Giv-
en the difficulty in achieving high qe

GB points and their 
importance for our ETG assessment, these points were 
carefully validated by comparing different fitting tech-
niques to calculate the profile gradients and using both 
PION and SELFO for ICRH deposition, which we found 
in very good agreement. The question that will be inves-
tigated in the following sections is then whether such 
apparent increase of stiffness may be linked with the 
onset of ETGs, which have a lower threshold at Te/Ti ~1 
with respect to Te/Ti~1.3. 
 

 
Figure 3. Normalized electron and ion heat fluxes at ρtor=0.5 vs 
R/LT for different Te/Ti. The two encircled shots 95852 and 
95462 are the on-off-axis pair of Fig.2. The 3 shots 95457, 
95846, 95460 are examples from the 3 sets targeted by TGLF 
simulations in Sect.4.2. 

3. Gyrokinetic simulations 
 
Starting from the experimental parameters of JET dis-
charge #95457 at t = 9.25s and at ρtor=0.5, gyro-kinetic 
simulations with the GENE [20,21] code have been 
performed. 
 
3.1 Simulations set-up 
The values of the main parameters used in the simula-
tions are: R/LTe = 9, R/LTi = 5.77 when not otherwise 
stated, R/Ln = 3.1, s=1.02, q=1.8, Te/Ti = 1, Zeff = 1.5. 
We note that with these parameters the linear ETG 
threshold given by Eq.(2) is R/LTe~6. GENE solves the 
gyro-kinetic Vlasov equations [22] coupled with the 
Maxwell equations within a 𝛿𝑓 approximation and using 
a set of field aligned coordinates {x, y, z, 𝑣∥, 𝜇}. z is the 
coordinate along the magnetic field line, x is the radial 
coordinate, y is the binormal coordinate, 𝑣∥, is the paral-
lel velocity and 𝜇 is the magnetic moment. The simula-
tions are carried out in the local limit and using realistic 
geometry (reconstructed from numerical equilibrium 
files provided by the EFIT equilibrium solver), collisions 
(using a Landau-Boltzmann collisional operator), finite 
𝛽!  effects (considering only 𝐵!  fluctuations), kinetic 
ions, electrons and one impurity species (C) with con-
centration 1.7%, devised to lump together all impurities 
reproducing the experimental Zeff and ion dilution. In the 
real experiment these are due to Be (1%), C (0.1%), Ne 
(0.15%), Ni (0.064%) and W (0.0055%), as measured by 
a constrained multi-diagnostic analysis [23] and by 
Charge Exchange. This shot in the chosen time interval 
had negligible rotation (only NBI blips for CX meas-
urements), so no ExB or Parallel Velocity Gradient 
terms have been included in the GK simulations. Also 
the fast ion content at ρtor=0.5 is negligible. Both ion-
scale (0 < 𝑘!𝜌! < 1.2)  and multi-scale (0 < 𝑘!𝜌! <
30)  simulations are carried out in order to study the role 
of ETGs (𝑘!𝜌!  𝑖𝑠 the wave number in the binormal di-
rection, normalized by ρs defined in Sect.2). 
 
3.2 Linear multi-scale GK simulations 
𝑘!𝜌! scans of linear GENE simulations have been per-
formed to characterize the micro-turbulence regimes at 
ion and electron scales. Reference parameters have been 
considered, using two values of R/LTi and varying R/LTe  
from the nominal value 9 to 14. The linear simulations 
have been run with 
[𝑛! ,𝑛!, 𝑛!,𝑛𝑣∥ ,𝑛!] = [48,1,32,32,12]  points in the 
reduced  5-dimensional gyro-kinetic phase-space grid. 
The results are shown in figure 4, where the eigenvalues 
corresponding to the most unstable linear mode at each 
𝑘!𝜌! are presented vs 𝑘!𝜌!. In particular, the spectrum 
of the ratio 𝛾/𝑘!  of the growth rate 𝛾  divided by 𝑘! , 
normalised with 𝜌!𝑐!/𝑅, is shown on the top, while the 
spectrum of the normalized mode angular frequency 𝜔 is 
shown on the bottom. At ion scales ITG modes are main-
ly found, except from the R/LTe=14 case, where TEMs 
dominate. ETG modes are found at electron scales. Two 
separate ITG and ETG growth rate peaks are present for 
lower R/LTe=9,11 cases, while a continuous TEM-ETG 
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branch links the two scales when R/LTe=14. A simple 
criterion from [24] states that ETGs should impact the 
nonlinear electron heat fluxes if the ratio 
(𝛾/𝑘!)!"#,!"#/(𝛾/𝑘!)!"# ,!"#  of the peaks at electron 
and ion scales in the linear 𝛾/𝑘! spectrum becomes >1. 
According to this, a non-negligible contribution of ETGs 
to qe is expected for R/LTe≥ 11 for the case with 
R/LTi=5.77 and for R/LTe ≥ 9 for the case with 
R/LTi=5.17. 

 
Figure 4. (top) 𝑘! spectrum of (𝛾𝑅/𝑐!)/(𝑘!𝜌!); (bottom) 
𝑘! spectrum of 𝜔𝑅/𝑐!for the two cases R/LTi=5.77 (left) 
and R/LTi=5.17 (right), at 3 different R/LTe values. 
 
3.3 Nonlinear ion scale GK simulations 
The ion-scale non-linear simulations have been per-
formed using radial and binormal box sizes [𝐿𝑥, 𝐿𝑦] =
[88.6,83.8]𝜌! , corresponding to 𝑘!,!"#𝜌! = (2𝜋/
𝐿𝑦)𝜌! = 0.075 ∼ 𝑘!,!"#𝜌! = (2𝜋/𝐿𝑥)𝜌! = 0.071.  The 
simulations have been run with [𝑛! ,𝑛! ,𝑛!,𝑛𝑣∥ ,𝑛!] =
[256,24,32,32,12] points in the reduced  5-dimensional 
gyro-kinetic phase-space grid. These values were chosen 
after dedicated convergence tests and for a direct com-
parison with the multi-scale simulation results. 
The results from the ion scale simulations are shown in 
figure 5. The black circles represent the experimental 
data with Te/Ti =  1, the bigger black circle being the data 
point from JET discharge #95457. Both the gyro-Bohm 
normalized electron and ion heat fluxes are shown. 
Three different values of R/LTi were used in the gyro-
kinetic ion-scale simulations (R/LTi = 4.8, 5.77, 6) and 
scans in R/LTe were performed for each value of R/LTi. 
As visible for the right plot of Figure 5, the ion heat flux 
is very stiff in R/LTi, as ITGs are dominant in these cas-
es. Changing RLTi has an impact also on the electron 
heat flux, with an increase of 𝑞!,!"  of ~100% when 
changing R/LTi from 4.88 to 6. However, changing R/LTi  
does not impact the stiffness of the electron heat flux 
with respect to R/LTe . For the RLTi =5.77 case, a study of 
the effect of R/Ln was also performed, increasing the 
nominal value of R/Ln by 40%. When increasing R/Ln the 

electron heat flux increases by about 40% (stronger 
TEM), while the ion heat flux decreases. This is visible 
comparing the blue and the light blue points in Figure 5. 
Also in this case, no strong effect on the electron heat 
flux stiffness with respect to R/LTe was observed. Due to 
such lack of impact on electron stiffness of changes of 
R/LTi or R/Ln, it is evident that improving the match in 
qe

GB values of the upper part of the graph by increasing 
R/LTi or R/Ln decreases the agreement with the lower 
part.  From these results it appears that, while the single 
data point can be reproduced by changing within uncer-
tainties the input parameters in the gyro-kinetic simula-
tions, the experimental slope of the electron heat flux 
with respect to a change in R/LTe is underestimated by 
the simulations. To match the slope, a mechanism 
providing a qe contribution scaling with R/LTe would be 
needed. We also observe that the choice of R/LTi=5.77 
and nominal R/Ln matches well qi

GB and the lower part of 
the qe

GB curve, whilst the experimental value R/LTi=4.8 
underestimates qi heavily. Since for multiscale dynamics 
it is key to have the correct ion heat flux, the two values 
of R/LTi=5.77 and R/LTi-=5.17 (which provide qi

GB val-
ues respectively at the upper and lower ends of the qi

GB 
error bar) and the nominal values for all the other param-
eters have been chosen for the multiscale simulations 
described in the next section.  
 

Figure 5. qe
GB vs R/LTe (left) and qi

GB vs R/LTi  (right) for 
the experimental shots with Te/Ti=1 (black circles) and 
GENE non-linear ion-scale simulations with 3 values of 
R/LTi and one increased value of R/Ln, as in the legend.  
 
3.2 Multi-scale GK simulations 
Four nonlinear multi-scale gyrokinetic simulations have 
been run with the flux-tube version of the GENE code 
for R/LTe=9,11,14 and R/LTi = 5.77 and for R/LTe=11 and 
R/LTi = 5.17, to compare with the corresponding ion-
scale results and single out the ETG contribution to the 
nonlinear fluxes. Each of these simulations has used ~ 
10.3 Million CPU hours. The effect of the impurities, 
being responsible of an up-shift of the ETG linear R/LTe 
threshold ∼ (1 + 𝑍!""𝑇!/𝑇!), has been taken into ac-
count considering a single effective species (C at 1.7% 
concentration) as in the single-scale runs. Electromag-
netic effects and realistic EFIT geometry have been kept 
in the simulation. In order to reduce the computational 
effort of these very challenging simulations, the multi-
scale simulation of the initial nonlinear saturation phase 
has been avoided for each run as follows. First, an ion-
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scale simulation has been run for R/LTe=9 with the same 
number of kx modes needed for the corresponding multi-
scale (1536). Then, after the nonlinear convergence of 
the fluxes, a checkpoint has been saved and the simula-
tion has been restarted from it expanding the ky grid up 
to 𝑘!𝜌! = 38.4 to include electron scales, thus becoming 
a multi-scale. The radial and binormal box sizes have 
been set to the same values of the ion scale runs. The 
simulations have been run with [𝑛! ,𝑛! ,𝑛!,𝑛𝑣∥ ,𝑛!] =
[1536, 512, 32, 32, 12]  grid points. The multi-scale 
runs at larger R/LTe=11,14 have been initialised chang-
ing R/LTe starting from checkpoints of R/LTe=9,11 simu-
lations, respectively, which showed saturated fluxes.  An 
example of the time traces of the fluxes in gB units is 
shown in Figure 6 for the R/LTe=14 case. For each R/LTe, 
a 𝛥𝑡 ∼ 40 − 50𝑅/𝑐! statistics has been collected, corre-
sponding to 2-3 ‘global’ flux oscillations. A rough esti-
mate of the numerical error bars that can be associated to 
the NL multi-scale fluxes is ± 5%, which corresponds to 
the typical standard deviation of the running average of 
the fluxes over the collected oscillations. 
In Figure 7 the results of the multi-scale simulations 
(blue stars for R/LTi=5.77 and red stars for R/LTi=5.17) 
are compared with the corresponding ion-scale results 
(blue and red diamonds). The impact of ETGs, coming 
from electron scales (𝑘!𝜌! > 1), on qe increases with 
increasing R/LTe. For R/LTi=5.77 it is negligible (∼ 5%) 
at experimental R/LTe=9, and remains moderate 
(∼ 18%) at R/LTe=14. For R/LTi=5.17, the ETG flux is 
20% at R/LTe =11, to be compared with the 10% of the 
R/LTi=5.77 case. So the ETG fraction is increasing at 
low R/LTi, but overall the qe

GB and qi
GB values are lower 

due to reduced ion-scale flux. These non-linear results 
are consistent with the simple linear criterion based on 
the (𝛾/𝑘!)!"# ,!"#/(𝛾/𝑘!)!"#,!"#  ratio that has been 
used in Section 3.2 (Figure 4). In general it is evident 
that there is a conflict between the need of depressing the 
ion scales to enhance ETGs and explain the high qe

GB 
points, and the need to still match the qi

GB values and the 
lower qe

GB part of the curve, which requires ion-scale 
flux. The spectra of the GENE nonlinear electron heat 
fluxes are shown in Figures 8 for the case R/LTi=5.77, 
comparing multi-scale and ion-scale results, for the ex-
treme values of R/LTe=9,14, indicated in blue and red, 
respectively. The agreement of ion- and multi-scale 
simulations is good on the ion-scales. The electron scales 
show a different ‘shape’ for the two R/LTe values: while 
for the  lower R/LTe the ETG peak can be distinguished 
at large wavenumbers, for the larger R/LTe a continuous 
TEM-ETG branch is present, making the ETG peak not 
distinguishable. This is consistent with the linear results, 
where two distinct ITG and ETG peaks can be distin-
guished looking at the growth rate spectrum for R/LTe=9, 
which are replaced by an almost monotonically increas-
ing TEM-ETG branch for R/LTe=14 (see Figure 4). In 
Figure 9 the spectra of the GENE nonlinear electron heat 
fluxes are shown for R/LTe =11 for the two cases 
R/LTi=5.17 and R/LTi=5.77. This shows the increase 
from 10% to 20% of the ETG heat flux fraction when 
lowering R/LTi. 

On the basis of these results, we have to conclude that 
with the present choice of parameters the ETG flux pre-
dicted by the multi-scale simulation is not sufficient to 
explain the experimental qe at R/LTe=9 for the high flux 
points. Moreover, the deviation of the multi-scale R/LTe 
stiffness from the TEM-driven ion-scale one is small. 
More sensitivity studies, varying parameters within un-
certainties, particularly the impurity mix and their gradi-
ents, would be needed but are not feasible for lack of 
resources for further multi-scale simulations. In particu-
lar, we cannot exclude that cross-scale effects like the 
one observed in [3], consisting in a backward energy 
transfer from ETGs to ion scales when ion scales are 
marginally stable, could allow to simultaneously match 
electron and ion heat fluxes with multi-scale simulations, 
when further decreasing R/LTi closer to the ITG thresh-
old, although we have never observed this kind of behav-
iour in the simulations carried out so far. However, due 
to the large ion stiffness, the search of an ‘optimal’ value 
of R/LTi would require a fine R/LTi scan of GK NL mul-
ti-scale simulations, which is beyond the available com-
putational resources. This test is thus left for future 
work. In the following section we will try to use the 
quasi-linear TGLF model, which features ETG transport 
and multi-scale interactions, to further explore the sensi-
tivity of the qe

GB vs R/LTe on Zeff and the choice of impu-
rity mix. 

 
 
Figure 6. Time traces of the electron and ion heat fluxes in gB 
units for the GENE multi-scale simulation with R/LTe=14. 
 

 
 
Figure 7. GENE  nonlinear heat fluxes in gB units vs R/LT, for 
electrons (left) and ions (right), comparing multi-scale (blue 
stars with R/LTi=5.77, red stars with R/LTi=5.17) with ion-scale 
(blue/red diamonds) runs. The experimental value (JET pulse 
#95457) is indicated by a large circle, while the small circles 
show the other experimental pulses with Te/Ti~1.  
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Figure 8. GENE nonlinear electron heat flux spectra for the 
extreme cases R/LTe=9 (blue) and R/LTe=14 (red), comparing 
ion-scale results (dashed) with multi-scale ones (solid) for the 
case R/LTi=5.77. 

 
Figure 9. GENE nonlinear electron heat flux spectra for 
R/LTe=11 for the cases R/LTi=5.17 (red) and R/LTi=5.77 (blue), 
comparing ion-scale results (dashed) with multi-scale ones 
(solid). 
 
4. TGLF simulations 
 
For the validation of TGLF against experimental data 
and GENE simulations the two most recent versions of 
TGLF have been used: a) TGLF SAT1-geo, released in 
November 2019 and featuring, with respect to the origi-
nal TGLF SAT1 [11], an improved description of geo-
metrical effects and calibration against CGYRO non-
linear simulations; b) TGLF SAT2, released in January 
2021, featuring further improvements and better agree-
ment with CGYRO as discussed in [12]. 
The TGLF model has been run in stand-alone mode at 
ρtor =0.5 for shot 95457 (t=9.3 s) with the same input 
parameters used for the GENE multi-scale simulation, in 
order to compare the electron stiffness to experiment and 
GENE results, and with different impurity combinations, 
to test the sensitivity to the impurity mix. We note that 
whilst the GENE runs were all run with general flux 
surface geometry, accounting for the up/down asym-
metry of the JET shape, TGLF features an up/down 
symmetric Miller geometry approximation [25]. In addi-
tion, integrated modelling using the ASTRA code [18] 
has been performed for selected discharges of the vari-
ous groups. 
 

4.1 Stand-alone TGLF results 
Figure 10 shows the comparison between the experi-
mental data with Te/Ti ~1, the GENE multi-scale simula-
tions and the TGLF SAT1-geo and SAT2 simulations for 
shot 95457 at ρtor =0.5. The TGLF simulations use the 
same input parameters as GENE, with 3 species, Zeff=1.5 
and electromagnetic effects (Bperp fluctuations). Howev-
er, the TGLF ion heat flux at the nominal R/LTi is signif-
icantly underestimated, so we also show the cases with 
increased R/LTi to match qi

GB, which is key for a correct 
reproduction of multi-scale interactions. The electron 
stiffness of SAT1-geo in the TEM part of the curve is a 
bit lower than in experiment and in GENE multi-scale, 
but overall acceptable, whilst that of SAT2 is significant-
ly underestimated. Both models feature an ETG wall at 
quite large values of R/LTe, so that they miss reproducing 
the experimental uppermost points by a factor >2 in qe

GB, 
as for the GENE multi-scale, which however does not 
feature such sharp ETG wall. As a matter of fact, the 
only case where the TGLF SAT1-geo curve approaches 
the experimental data also in the uppermost region is that 
with Zeff=1, which however is experimentally unrealistic. 
Therefore, with the choice of parameters used in the 
multi-scale, we conclude that also TGLF cannot achieve 
a satisfactory reproduction of the upper part of the curve. 
At the radius of our analysis the fast ion population from 
ICRH and NBI is very small for shot 95457 (nfast/ne~2.5 
10-3) so they do not influence the results. However due to 
the strong sensitivity of the TGLF simulations to Zeff, 
and given that previous GENE multi-scale simulations 
both in JET [4] and AUG [10,26] showing significant 
ETG contributions were in fact made with Zeff=1 for lack 
of computational resources, we have studied in more 
detail with TGLF the effect of impurities for this JET 
case. The results are summarized in Figure 11. Here we 
compare the cases with the real mix of only light impuri-
ties (Be, C, Ne with Zeff=1.3) at R/LTi=5.17 and 
R/LTi=5.77, the case with only Be at 2.5%, Zeff=1.3, 
R/LTi=5.77 and the case with also the heavy impurities, 
Zeff=1.7, R/LTi=5.77. 
One can see that at least the case with the real mix of 
only light impurities with R/LTi=5.77 (blue circles) ap-
proaches the experimental data (both qe and qi), and this 
is an experimentally more relevant simulation than the 
Zeff=1 case of Figure 10. Substituting these with only Be 
(red squares) has a worse effect – for same Zeff – which 
suggests a complex role of impurities in determining the 
ETG component. Lowering R/LTi and R/Ln (green 
crossed squares) as expected brings more ETG fraction 
but lower ion-scale flux, so overall worse agreement 
with experiment. When including also heavy impurities 
(violet diamonds), which should be the real experimental 
case, the ETG component is quenched and the simula-
tions depart from the experiment. This remains to be 
understood, with new multi-scale GK runs when re-
sources will be available, in which the light and heavy 
impurities are treated separately, and not lumped togeth-
er as in the multi-scale GK simulations presented in 
Sect.3. 
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Figure 10. qe
GB vs R/LTe for the experimental set at Te/Ti ~1 (black circles) and TGLF stand-alone

simulations with same parameters as the multi-scale with R/LTi=5.77 (blue diamond), but with R/LTi also adjusted to 6.5 to match qi
GB, 

as labeled in the figure. In the qi
GB vs R/LTi figure only the simulated shot is reported for sake of clarity. The case with Zeff=1 is also 

shown. 

 
Figure 11. qe

GB vs R/LTe  and qi
GB vs R/LTi  for the experimental set at Te/Ti ~1 (black circles) and TGLF SAT1geo stand-alone simula-

tions for various choices of impurities, as labelled in the legend. The case       has the same impurities as the case     but reduced 
R/LTi and R/Ln. 

4.2 TGLF profile simulations 
Profile simulations of Te, Ti and ne have been made using 
the ASTRA code and the transport models TGLF SAT1-
geo and SAT2. Rotation and safety factor have been 
used interpretatively and the impurity composition has 
been taken from the constrained multi-diagnostic analy-
sis [23]. Typically one light impurity (Be, including also 
the contribution of Ne to Zeff) and one heavy impurity 
(bundling Ni and W together) have been included in the 
simulation and used in TGLF as kinetic species, alt-
hough they are not evolved but their density profile is 
taken proportional to the ne profile. Fast ions cannot be 
included as kinetic species at the standard resolution 
used for integrated modeling, but their density is ac-
counted for in calculating main ion dilution and their 
pressure is added to the thermal one to include their 
effects on equilibrium. 

Figure 12 shows the TGLF SAT1-geo (left column) and 
TGLF SAT2 (right column) simulations for shot 95457 
(the uppermost point of the Te/Ti~1 set studied in detail 
in Sections 3 and 4.1). When predicting the 3 channels 
Te, Ti and ne (upper row), ne is a bit over-predicted inside 
mid-radius, which gives origin to additional TEM elec-
tron heat transport. In spite of this, Te is also over-
predicted inside mid-radius, and even more so when ne is 
assumed fixed from experiment (lower row). This is 
consistent with expectations from the stand-alone results 
of Figure 10, indicating large missing electron heat flux. 
Ti is instead well predicted. Using the TGLF SAT2 mod-
el worsen the situation, since as seen in Figure 10 it has 
lower stiffness than SAT1-geo. In fact in Figure 12 (right 
column) Te appears even more overestimated (disregard 
the very central region where a strong mode appears, 
whose nature has not been investigated since this region 
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is not important for our ETG studies). These simulations 
confirm that some additional electron heat transport 
would be required to reproduce the experimental pro-
files, which could be ascribed to ETGs, but the model 
does not predict their appearance at the experimental 

R/LTe but only at much higher R/LTe, thereby failing to 
reproduce the experimental profiles.  
  
 

 

 
 
Figure 12. Profile simulations using TGLF SAT1-geo (left column) and SAT2 (right column) of shot 95457 at t=9.3s (PNBI=0, 
PICRH=3 MW on-axis) with density predicted (upper row) and density held fixed to the experimental profile (lower row). 
 
  

 
Figure 13. Profile simulations using TGLF SAT1-geo of shot 95852 at t=8 s (PNBI=6.2 MW, PICRH=5.7 MW on-axis) with density pre-
dicted (left) and density held fixed to the experimental profile (right). 
 
We now examine TGLF simulations for other 3 shots 
from Figure 3. This has been done only with SAT1-geo, 
given the worse performance of SAT2. First we examine 
95852 at t=8 s, a shot of the same group Te/Ti~1 but 
located a bit lower in qe

GB. In Figure 13 one can observe 
qualitatively similar issues as for 95457, with Te and ne 
departing from experiment at an inner position, and Ti 
well predicted. For shot 95846 at t=10 s, belonging to the 

group of shots with Te/Ti~1.3, we see in Figure 14 that ne 
and Ti are very well predicted, and only Te still shows 
some over-prediction. This group of shots, being rele-
vant for the ITER PFPO-1 phase, has been addressed in 
detail together with similar ASDEX-Upgrade shots in a 
separate paper [27]. In these conditions where ETGs are 
expected to have a higher threshold, the TGLF model 
performs better in general, consistently with the observa-
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tion in Figure 3 that this set of points maintains a milder 
stiffness level also in the upper part of the curve. Still, 
the TGLF electron stiffness remains slightly lower than 
the experimental one, resulting in some Te overpredic-
tion for shots like 95846 which are at high qe

GB , i.e. far 
from threshold. In fact, the only shots where TGLF per-
forms really well are the high power ones, because in 
normalized flux they lie near threshold, so that only the 
linear physics of the threshold matters for the profile 
predictions. An example is shot 95460 at t=7.4 s (Figure 

15), for which very good reproduction of all profiles is 
provided by TGLF. 
In summary, regarding electron heat transport we can 
conclude that the TGLF SAT1-geo model can adequate-
ly describe plasmas that are near threshold (low qe

GB), 
but it shows some under-prediction of electron stiffness 
level leading to Te over-prediction, and in some cases 
also to ne over-prediction. This is seen in spite of the fact 
that the model does feature ETG transport and multi-
scale effects, which however appear to become im-
portant only at higher R/LTe than in experiment. 

 
Figure 14. Profile simulations using TGLF SAT1-geo of shot 
95846 at t=10 s (PNBI=1.3 MW, PICRH=4.8 MW on-axis). 
 

 
Figure 15. Profile simulations using TGLF SAT1-geo of shot 
95460 at t=7.4 s (PNBI=18.7 MW, PICRH=6.4 MW on-axis)..

6. Discussion and conclusions  
A good set of experimental data with qe scans at various 
Te/Ti has been obtained on JET. It proved rather difficult 
to reach high values of qe

GB,  so the dataset includes very 
few points in the high qe

GB  region, which limits a con-
clusive assessment. Unfortunately Te modulation was not 
feasible with ICRH in (H)-D scheme.  
From the available data, we observe rather high electron 
stiffness in general, and particularly in the high qe

GB  
region. We note that previous JET experiments using 
modulated ICRH in Mode Conversion scheme [4] also 
showed high electron stiffness, supporting the present 
results. The threshold R/LTe does not show any clear 
dependence on Te/Ti for this set of discharges.  These 
two observations suggest a possible picture of ion-scale 
TEM/ITG responsible of qe at low qe

GB , with ETGs, if 
present, more likely to contribute to the high qe

GB points. 
Therefore gyro-kinetic and quasi-linear simulations have 
been performed for the case with high qe

GB to find out if 
theoretical predictions provide evidence of ETG flux. 
Ion-scale GK simulations reproduce well the low qe

GB  
region, but fail to get the high qe

GB  points. Increasing 
R/LTi or R/Ln within uncertainties can match the high 
qe

GB point but without changing the slope, therefore 
producing mismatch at low qe

GB. Under the assumption 
that the data are homogeneous in parameters, i.e that 
small differences between shots do not affect the average 
stiffness observed, we can then conclude that ion-scale 
GK simulations fail in reproducing the observed stiffness 
level and the high qe

GB points.  
Multi-scale GK simulations, with one impurity species 
bundling together light and heavy impurities, for 
R/LTi=5.77 (matching qi

GB
 and qe

GB at lower fluxes) do 
not show ETG flux at experimental R/LTe=9, but only for 

R/LTe>11, up to 20% at R/LTe=14. If R/LTi is decreased 
to 5.17, the ETG fraction increases but the low k part of 
the flux decreases, overall underestimating the data even 
more. Both simulations then fail to explain the experi-
mental cases. Sensitivity tests, particularly with different 
choices of impurities, would be needed but presently 
cannot be done with GK multi-scale simulations for lack 
of numerical resources. 
TGLF was run stand-alone with same settings as the 
multi-scale GK simulations (and same single impurity) 
and shows a bit lower ion and electron stiffness than GK, 
particularly with the SAT2 saturation rule, which leads 
to the need of using higher R/LTi to match the qi. A 
strong ETG wall appears for R/LTe >12 for experimental 
Zeff, whose position is strongly sensitive to Zeff, but only 
approaches the experiment for Zeff=1. Also the electron 
stiffness of the lower qe

GB part is underestimated, and 
heavily by SAT2. When using the real mix of light im-
purities however, the TGLF SAT1geo simulations fall 
not far from experiments (both qe and qi). However add-
ing the heavy impurities shifts again the ETG wall far 
from the experiment. These effects of impurities on ETG 
non-linear threshold and stiffness will then require fur-
ther studies, as they are basically unexplored, both ex-
perimentally and theoretically. In Refs.[2-3] impurities 
are included in the multiscale simulations but their effect 
is not singled out. Profile simulations with TGLF using 
both light and heavy impurities in general overpredict Te 
and in some cases also ne. Good agreement is found only 
for high power cases near the TEM threshold, where a 
correct prediction of electron stiffness does not matter 
much for the resulting profile. 
Concerning ITER relevance of these results, we have 
spanned a range of Te/Ti that is useful both for ITER 
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PFPO-1 (the Te/Ti ~1.3 set) and for ITER FPO (Te/Ti 
~1). The Te/Ti ~0.9 set is more typical of ion heated 
machines like JET at high power. It has to be noted that 
the ITER FPO due to high temperatures and density will 
be at low qe

GB, so more similar to our high power set 
close to threshold, where electron stiffness does not 
impact much. Still, it is not obvious without dedicated 
simulations to establish whether such threshold will be 
the TEM or the ETG one, and in particular the physics of 
multi-scale interactions setting the non-linear ETG 
threshold could be relevant in determining the ITER 
R/LTe. Therefore it is important to validate the theoretical 
models in this respect on present devices. In fact, in 
TGLF simulations of the ITER FPO baseline scenario 
presented in [28], an ETG contribution up to 16% of qe 
was predicted. Given that in the present study we found 
that TGLF may be underestimating the ETG flux, this 
certainly calls for further investigation. Regarding ITER 
PFPO-1 conditions, the validity of QL models has been 
studied in detail in [27] on AUG and JET shots. It was 
found that TGLF performs rather well for high/medium 
Te/Ti, dominated by TEM, but there is a tendency to 
over-predict Te when approaching Te/Ti ~1. One of the 
JET shots used for this study in [27] is shown also in the 
present paper in Fig.14. This may hint to a possible ETG 
contribution also in these conditions. 
In conclusion, the experimental hints of a possible ETG 
contribution to electron heat flux at high R/LTe and 
Te/Ti=1 do not seem supported by gyrokinetic multi-
scale simulations, although the ion scale simulations do 
show a lack of electron heat flux driven by R/LTe. Lack 
of numerical resources prevented an adequate sensitivity 
study with multiscale GK simulations. The use of TGLF 
for more affordable sensitivity studies indicates a strong 
sensitivity of ETGs to the impurity mix and Zeff, with 
reasonable agreement with experiment being reached 
only neglecting the heavy impurities. This calls for fur-
ther investigations. Given the scarceness of the dataset in 
the high qe

GB region, new experimental data from JET in 
different conditions as well as from other devices that 
can add Te modulation information and/or measurements 
of turbulence at the electron scales may provide in the 
future additional insight into this difficult topic A key 
ingredient will be as well an improvement of high power 
computing speed, allowing a more handy use of gyroki-
netic codes for a proper sensitivity study with multiscale 
simulations. This may eventually lead to a final assess-
ment of the role of ETG transport in present and future 
machines. 
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