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In the most important future fusion devices, like ITER, the core temperature and fusion 
performance will strongly depend on electron heat transport, which is dominated by turbulent 
processes. Electron Temperature Gradient (ETG) micro-turbulence modes have been recently 
shown to impact the electron heat transport in tokamaks in conditions when ion-scale 
turbulence is close to marginality and electron heating is significant [1]. The TCV tokamak 
[2] at the Swiss Plasma Center (SPC-EPFL, Lausanne, Switzerland), is equipped with both 
NBI and ECH systems, thus allowing to vary both |∇𝑇𝑒| and 𝑇𝑖/𝑇𝑒, which are related to ETG 

stability [3]. The aim of this work is 
to investigate the impact of ETGs 
on electron heat transport in TCV 
plasmas. An experimental 
characterisation of the electron 
threshold and stiffness at mid-radius 
was carried out in TCV by 
comparing two experimental cases 
(EUROfusion WP MST1 TCV, 
2017) with on- vs off-axis ECH 
power deposition (see small box in 
Fig.1) , with/without NBI heating 
(TCV L-mode discharges #59113 
and #59112/59111 correspond to 
ECH on- and off- axis, respectively). 
Each discharge features 6 different 
time intervals, corresponding to NBI 
only, mixed NBI/ECH, ECH only 
phases  (see Fig.1). Only three 

phases have been considered in this work: phases P1, P3, P5 of Fig.1, corresponding to pure 
NBI, mixed NBI/ECH and pure ECH injection, respectively. The mid-radius position 
𝜌!"# = 0.5 has been considered. The work consists in the comparison of an experimental 

	
Figure 1:  NBI (blue) and ECH (red) total injected 
power time traces. P1-P6 indicate the six different phases of 
each discharge. The black arrows on top of the figure indicate 
the three phases that have been considered in this work. Small 
box: ECH deposition profiles. 
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analysis with a numerical one, consisting of gyrokinetic (GK) simulations. Starting from the 
experimental analysis, a steady-state 𝑅/𝐿!" scan of the electron heat flux in gyro-Bohm units 
𝑞! 𝐺𝐵  has been pursued, where 𝑅/𝐿!" is the logarithmic gradient of 𝑇! (normalized with the 
major radius R). The experimental data are shown in Fig.2, compared with the analytic 
estimates of the linear ETG thresholds [3]. The results indicate that the pure NBI case (blue) 
stays close to ETG threshold, and it is not possible to infer the corresponding stiffness, since 
it is a single point in the (𝑅/𝐿!" , 𝑞!  [𝐺𝐵]) plane. The pure ECH case (red) features a 
moderate stiffness, consistent with a TEM (Trapped Electron Mode) dominated transport. 

Both the on- and off-axis data are 
found below ETG threshold, 
therefore this picture is consistent 
with a TEM dominated transport. 
Finally, the mixed NBI/ECH 
cases (black) present overlapping 
𝑅/𝐿!"  error bars, thus it is not 
possible to estimate the stiffness 
for this case with the available 
information. An independent 
measurement of the stiffness is 
needed, and it has been provided 
by a perturbative analysis, as will 
be shown in the following. 
Nonetheless, both on- and off-
axis points are found close 
to/above the ETG threshold, 
becoming good candidates to test 
the contribution of ETG modes to 

electron heat transport at mid-radius. In order to estimate the threshold and stiffness where 
they could not be unequivocally computed with the steady state scan, a perturbative approach 
has been followed. The analysis of the heat pulse propagation due to ECH modulation has 
been performed with this aim. Threshold and stiffness have been estimated from the 
knowledge of the amplitudes of the fluctuations 𝛿𝑇! of the electron temperature (ECE/CECE 
data) due to the heat pulse and the phases between the first harmonics of the ECH power 
signal and the local 𝛿𝑇! signals, at each selected radius. The radial profiles of 𝛿𝑇! amplitudes 
and phases are matched with interpretative runs of ASTRA [4] code, estimating the threshold 
and stiffness by assuming a critical gradient model (CGM) [5] for the electron heat flux. 
Finally, the analysis of the heat wave which is produced by the sawtooth (ST) MHD 
instability has been pursued when ECH modulation data were unreliable. An example of 
ASTRA matching of experimental ECH modulation data is shown in Fig. 3. Only the first two 

harmonics are shown for the 
phases, since the amplitude of 
the third harmonic was small, 
leading to a noisy 𝛿𝑇!  signal. 
This matching allows to estimate 
the CGM parameters. Therefore, 
the dependence of 𝑞! 𝐺𝐵  on 
𝑅/𝐿!"  can be estimated for all 
the considered cases. The results 
are summarized in Fig.4. The 
pure ECH cases present distinct 

  
Figure 3: Comparison of the ASTRA simulations outputs (solid 
lines) with the experimental (square markers) amplitudes (left) and 
phases (right) of the first harmonics of the ECH power signal. The 
matching of the average 𝑇!is shown in the little box. 

	
 
Figure 2:  Steady state scan of 𝑞! 𝐺𝐵  vs  𝑅/𝐿!",  compared with 
analytic ETG linear thresholds (vertical dotted lines).  
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TEM and ETG thresholds and a 
moderate stiffness, consistent with 
a TEM dominated transport. This 
picture is consistent with the 
results of the steady state scan. On 
the contrary, the mixed NBI/ECH 
cases show a mixed TEM/ETG 
transport, where TEM and ETG 
thresholds are the same. The 
proportion of TEM/ETG 
contribution for the case with 
ECH on-axis and off-axis is 
different, with the off-axis case  
which shows moderate stiffness 
(TEM dominated) and the on-axis 
one which shows large stiffness, 
compatible with an ETG 
dominated transport. For the 

mixed NBI/ECH case with ECH on-axis, since ST polluted the 𝛿𝑇! signal, an independent 
estimate of the stiffness has been obtained by the analysis of the ST propagation, which is in 
good agreement with the result obtained with the ECH modulation analysis. Summing up, 
from the perturbative analysis ETG are expected to impact the heat transport at midradius 
when NBI and ECH are injected at the same time (ECH on-axis). 
Turning to the numerical analysis, linear and nonlinear (NL) ion-scale flux-tube GK 
simulations have been run with the GENE code [6] for the cases with ECH on-axis. In all the 
simulations, an electron-deuteron plasma has been considered, with kinetic electrons and 
kinetic carbon (main impurity, with Zeff=2). For the cases with NBI, fast ions (FI) have been 
included (assuming Maxwellian distributions) as a fourth kinetic species and both ExB 
shearing and parallel flow shear (PFS) have been taken into account in the NL simulations. 
Starting from the linear analysis, a scan of the ratio 𝛾/𝑘! of the growth rate of the most 
unstable mode to the corresponding poloidal wavenumber has been pursued, since ETGs are 
expected to significantly 
contribute to electron heat 
transport when the maximum of 
𝛾/𝑘!  at the electron scales is 
larger than the maximum at the 
ion scales. The results are shown 
in Fig.5. The main outcome is that 
ETGs should significantly 
contribute to the transport only in 
the mixed NBI/ECH case (black),  
consistently with the experimental 
analysis results. ETGs are 
unstable for all the cases and FI 
strongly stabilize the ion scales.  
Finally,	 it	 has	 been	 found	
(looking	at	the	mode	frequency)	
that	the	ion	scales	are	TEM			
dominated, with the exception of 

	
Figure 4: comparison of the ASTRA electron heat 
flux in GB units 𝑞𝑒 [𝐺𝐵] versus 𝑅/𝐿𝑇𝑒 (solid/dashed lines for on- 
/off-axis respectively) with the experimental values 𝜌!"#  =  0.5. 
See Fig.2 for experimental points legend. 
S 	

	
Figure 5: growth rate/wavenumber ratio 𝛾/𝑘! spectra, 
respectively. 𝛾 is 3ormalized with 𝑐!/𝑅, while 𝑘! is normalized 
with 1/𝜌!. 
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the pure NBI case, which is ITG 
(Ion Temperature	 Gradient	
modes)	dominated.  
Eventually, the NL results are 
shown in Fig.6, where GK 
electron heat fluxes are 
compared with the experimental 
ones.  The main result is that, 
while for the pure ECH case the 
GK flux is close to the 
experimental one, slightly 
overestimating it, for the mixed 
NBI/ECH case the ion scale GK 
flux strongly underestimates the 
experiment. The ETGs could be 
thus invoked to explain the 
missing flux. Finally, GK 
strongly overpredicts the 
experiment for the pure NBI 

case. The sensitivity of the ITG dominated ion scales to 𝑅/𝐿!" within error bars, together with 
possible global effects, are invoked as possible explanations. 
 
Conclusions 
Both experimental data and GK modelling indicate a possible contribution of ETGs to 
electron heat transport in TCV plasmas. A stronger impact of ETGs is expected in the mixed 
NBI/ ECH cases, since high values of 𝑅/𝐿!" are obtained in conjunction with high values of 
𝑇!/𝑇!, due to simultaneous injection of ECH and NBI. From the experimental side, a valuable 
addition to this work would be the planning of future experiments with an upgraded Phase 
Contrast Imaging diagnostic to measure turbulence at the electron scales. From the numerical 
side, NL multi-scale GK simulations would be needed to confirm the contribution from ETGs 
to the fluxes  for the mixed NBI/ECH case. Finally, the effect of considering the actual non-
Maxwellian FI distribution should be investigated.  
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Figure 6: Ion-scale NL GK heat fluxes in GB units 𝑞!  [𝐺𝐵] 
(down-pointing triangles) compared with experimental 
values. 
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