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1. Introduction

Improving the energy confinement is a way to increase the plasma temperature towards

the conditions required for plasma ignition, keeping constant the input power. As

the energy confinement of tokamak plasmas is degraded by cross-field electron heat

transport, the energy confinement improvement is linked to a better understanding of

electron transport. A fraction of cross-field transport arises from Coulomb collisions and

is described, in toroidal geometry, by the neoclassical theory. The remaining part, one

or two orders of magnitude higher, is attributed to micro-turbulence, an active field of

investigation where large progress has been achieved in the recent years, in particular in

the simulation of plasma micro-instabilities. The experimental findings of electron heat

transport dependence on controlled plasma parameters is of use for improving plasma

performance and providing an easier access to low transport regimes like the electron

internal transport barrier (eITB) regime, but equally for predicting energy confinement

in future fusion devices, by providing experimental data to test the relevance of micro-

instabilities simulations and/or to establish heuristic transport models.

The present study explores the experimental dependence of electron heat transport

on electron temperature, electron temperature gradient, plasma shape and plasma

collisionality in TCV. The electron temperature and electron temperature gradient
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are predicted to have a strong influence on the trapped electron (TE) and electron

temperature gradient (ETG) modes growth rate and have been shown experimentally

to strongly modify the level of electron transport [ASDEX JET TORE SUPRA...].

Plasma shape is one of the fundamental parameters in a tokamak that strongly influences

plasma properties and performance, placing also strong constraints on technological and

construction choices in machine design. Increasing the elongation allows higher plasma

current and also influences other operational limits such as the pressure [1, 2] and

density limits [3]. Triangularity and elongation have a strong influence on the core

stability, e.g. sawtooth stability [4], and on edge plasma, in particular on H-mode

pedestal and ELM stability [5, 6]. Global confinement studies in Ohmic [7, 8, 9] and in

central EC heated L-mode plasmas [10, 11] showed the beneficial role of low or negative

triangularity on the electron energy confinement time. On the contrary, similar studies

in H-mode showed that, due to the contribution of the edge pedestal, the confinement

time increases with plasma triangularity [5, 6]. For the study of electron heat transport,

L-mode plasmas seems to be good candidates to minimizes the influence of the plasma

edge on global confinement, allowing a more direct study of the genuine effect of plasma

shape. Concerning plasma collisionality, it has been shown recently to play an essential

role in particle transport [12, 13]. At low collisionality, central EC heating leads to a

flattening of the density profile, whereas at high collisionality it leads to a peaking of

the density profile [14]. This behavior has been attributed to a change of the dominant

micro-instability, from TE mode at low collisionality to ITG mode at high collisionality

[12]. The stabilization of TE mode at high plasma collisionality is also expected to

influence electron heat transport.

The specificity of the present study lies in the exploration of a large range of both

electron temperature gradients and electron temperatures, allowing to decouple the

effect of these two quantities, but also in the investigation of the influence of plasma

shaping, in particular the plasma triangularity, which is varied from negative to positive

values, −0.4 < δ < 0.4.

2. Electron temperature, electron temperature gradient and plasma

triangularity variation

2.1. TCV description

The TCV tokamak (major radius R0 = 0.88 m, minor radius a < 0.255 m, magnetic

field BT < 1.54 T, plasma current Ip < 1 MA ) is designed to investigate the effects

of plasma cross-section shaping. Plasma edge triangularity −0.7 < δ < 1 and plasma

edge elongation 0.9 < κ < 2.8 have been achieved [9]. The auxiliary heating relies on

electron cyclotron (EC) waves, usually polarized in X-mode, at the 2nd harmonic (X2)

and at the 3rd harmonic (X3) frequencies, allowing the coupling of the power to any

plasma shape. The X2 EC waves are produced at 82.7 GHZ by six gyrotrons delivering

a total nominal power of 3 MW and are coupled to the plasma from the low field side,
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using six independent launchers steerable during the discharge [15]. The X3 EC waves

are produced at 118 GHz by three gyrotrons delivering a total nominal power of 1.5 MW

and are coupled to the plasma from the top, using a single launcher that can also be

steered during the discharge [16].

2.2. Plasma discharges and experimental conditions

Two sets of experiments have been performed to study the electron heat transport of

L-mode plasmas in limiter configuration.

The ”constant Ip” set of experiments is dedicated to the study of the dependence of

electron heat transport on the electron temperature Te and on the normalized electron

temperature gradient R/LTe = R∇Te/Te. The toroidal magnetic field BT, the plasma

elongation κ and the plasma current Ip are kept constant (BT = 1.44 T, κ = 1.6 and

Ip = 220 kA), while two plasma triangularities are achieved, δ = 0.2 and δ = 0.4, with

an edge safety factor q95 close to 5 (4.7 and 5.4, respectively). The temperature profile is

modified by depositing 0.45 to 1.8 MW of radially localized X2 EC heating power at two

different radial locations: one off-axis at ρ1 = 0.35, just outside the q = 1 surface, and

one far off-axis at ρ2 = 0.7. Here, we define the normalized radius as ρ =
√

V/VLCFS,

where V and VLCFS are the volumes delimited by the flux surface labelled by ρ and

by the last closed flux surface, respectively. The sawtooth period response to the EC

heating confirms that the EC power deposition at ρ1 occurs just outside the q = 1

surface, as indicated by the increase of the sawtooth period (sawtooth stabilization)

while increasing the power deposited at ρ1, from 2− 3 ms in Ohmic to above 10 ms with

the total EC power. [17].

The ”constant q95” set of experiments focuses on the role of the plasma triangularity

and special care is taken to achieve the same line averaged density, total power and EC

power deposition radius in each plasma configuration. The toroidal magnetic field and

the plasma elongation are kept constant (BT = 1.44 T, κ = 1.5, but the plasma current

is changed so as to keep the edge safety factor constant, q95 = 3.5, while a large range of

plasma triangularity, from negative to positive values, is explored (−0.4 < δ < +0.4).

In both the ”constant Ip” and ”constant q95” sets, the density range is fixed to

0.8 < ne < 1.8 · 1019 m−3, such as to avoid excessive refraction of the EC beams

(neo/ne cut−off < 0.7) and to ensure full single pass absorption for the far off-axis

deposition. The width of the EC beams, narrow compared to the plasma height, allows

for radially localized EC power deposition. The EC power deposition width at half

height ∆ρEC does not exceed 0.1 and the power absorption is above 95%, as computed

by the linear ray tracing code TORAY-GA [18]. A poloidal view of the plasma cross-

section and of the EC beams is shown in figure 1, for simultaneous central and off-axis

EC power deposition in a plasma with a triangularity δ = 0.4.
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Figure 1. Poloidal view of the plasma cross section, δ = 0.4 and κ = 1.6, and
of the EC beams for simultaneous EC power deposition at ρ1 and ρ2. The cold
resonance is indicated by the dashed line and the q=1 surface by the dashed circle.
The Thomson scattering and CXRS measurements location are indicated by crosses
and dots, respectively.

2.3. Electron temperature profile and discharge response

The measurement of the electron density ne and electron temperature Te profiles,

essential for this study, relies on Thomson scattering yielding coverage of the full plasma

height with a spatial resolution of 4.5 cm, typically 2 × 8 points in a profile, as shown

in figure 1. The profiles are measured every 25 ms and averaged over ∼ 300 ms after

stationary internal inductance li is reached. The normalized temperature and density

gradients, R/LTe and R/Lne , are calculated by mapping the temperature and density

profiles on a real spatial coordinate chosen as the distance, measured at the outer mid-

plane, from the torus axis to the considered flux surface.

Changing the amount of EC power deposited in the plasma and its spatial distribution

allows to change the electron temperature profile. Increasing the amount of EC power

deposited at ρ1 only, from 0.45 to 1.8 MW, allows increasing Te without changing

significantly the normalized temperature gradient: R/LTe only varies by 10% in the

confinement region. This behavior, already observed in several tokamaks, is called

profile stiffness [19]. In order to change the value of R/LTe , far off-axis distribution of

part or totality of the EC power launched is needed, following the scheme developed

in ASDEX Upgrade to study electron heat transport as a function of the normalized

electron temperature gradient [20]. Far off-axis EC power deposition at ρ2 leads to low

R/LTe values in the region of investigation, ρ1 < ρ < ρ2, whereas off-axis deposition at

ρ1 leads to high R/LTe values. Intermediate R/LTe values are achieved by sharing the

deposited EC power off-axis and far off-axis. In the ”constant Ip” set of experiments,

the variation of the total EC power and of the EC power distribution has allowed the

achievement of strong variations of both Te and R/LTe at mid-radius. The variation
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of these two parameters at ρ = 0.53 is shown in figure 2, together with data from

ASDEX Upgrade for similar experiments. ASDEX Upgrade experiments are achieved

in L-mode plasmas in divertor configuration, with a plasma elongation κ = 1.6 and a

plasma triangularity δ = 0.25. The edge safety factor q95 = 4.5 and the total EC power

PEC = 1.3 MW are kept constant [19].

The flux surface averaged gradient of ρ, < |∇ρ| >, does not vary significantly with
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Figure 2. Range of electron temperature Te and normalized temperature gradient
R/LTe explored at ρ = 0.53 in TCV and in similar ASDEX Upgrade electron heat
transport experiments.

plasma triangularity (less than 5% at mid-radius). The higher R/LTe values obtained

at δ = 0.2 as compared to δ = 0.4 are therefore not an artifact of the geometry due to

the mapping of the Te profile on a real space coordinate.

The relation between the electron temperature Te and the electron heat flux Qe, an

indication of the level of cross-field electron heat transport, is obtained by calculating

the electron thermal diffusivity χe defined by

Qe = −neχe < |∇ρ|2 >
∂Te

∂ρ

where the brackets indicate an average over the flux surface. As a linear relation between

the electron heat flux Qe and the electron temperature gradient ∇Te is assumed, the

effect of off-diagonal terms in the transport matrix is not included. The electron heat

flux is computed in steady-state taking into account the contributions of the Ohmic

power, the EC power, and the power transferred from the electrons to the ions. A

radially uniform loop voltage is assumed for the calculation of the Ohmic power, and

the EC power deposition is obtained from the TORAY-GA ray tracing code. The

ion temperature profile, needed to estimate the power transfer to the ions, is obtained

from the Charge Exchange Recombination Spectroscopy diagnostic viewing the plasma

region indicated in figure 1. The low plasma density results in a low equipartition

power flow from the electrons to the ions and a high Te/Ti ratio. The radiated power
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Prad measured by XUV-bolometer photodiodes never exceeds 20% of the total power

Ptot. Moreover, the ratio Prad/Ptot remains below 5% for ρ < 0.8 and the radiated

power is therefore negligible in the region of investigation ρ1 < ρ < ρ2. As shown in
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Figure 3. Power balance analysis showing the contributions of the EC power PEC,
the Ohmic power Pohm and the equipartition power Pei to the total power Ptot, for a
case at δ = 0.4 with 0.45MW of EC power deposited at ρ1 and 1.35MW deposited at
ρ2.

figure 3, the power balance is strongly dominated by the EC power. A change in the

radial EC power distribution allows for a large variation of Qe between ρ1 and ρ2 while

keeping constant Qedge
e . In the following, the local quantities are given at a normalized

radius of ρ = 0.53, sufficiently far from the two EC power deposition radii, ρ1 and ρ2,

to avoid large uncertainties on Qe which could arise from the radial uncertainty of the

EC power deposition calculations.

In the ”constant Ip” set of experiments, the EC waves are launched in the poloidal

plane to achieve pure heating. The current drive component, due to the small angle

with the magnetic field, represents less than 2% of the total plasma current, as evaluated

using TORAY-GA. In the ”constant q95” set of experiments, a small toroidal angle was

added to the EC waves to compensate for the inclination of the magnetic field lines

and to reduce to zero the current drive component. The plasma current density profile

is calculated using the transport code PRETOR [] in interpretative mode, consistently

taking into account the experimental pressure profiles and the current density sources,

Ohmic and bootstrap (EC driven current negligible), to reconstruct the magnetic

equilibrium assuming steady-state conditions.

The neoclassical plasma resistivity depends on the plasma effective charge Zeff , which

is estimated from the experimental temperature and density profiles, loop voltage and

plasma current, assuming a flat Zeff profile. The Zeff value is estimated so as to match

the value of the calculated total plasma current, taking into account the Ohmic and

bootstrap contributions, with the value of the experimental one.
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3. Micro-instabilities simulation

Let us first investigate the stability of electron temperature gradient (ETG), trapped

electron (TE) and ion temperature gradient (ITG) modes, which are potentially

responsible for anomalous heat transport in these experiments. The temperature

gradient threshold of the ETG instability derived from linear gyro-kinetic simulations

[21] is found to be at least two times higher than the experimental values of R/LTe in the

region 0.2 < ρ < 0.7, due to the high Zeff and Te/Ti values. The ETG modes are therefore

predicted to be stable in the region of investigation. On the other hand, local gyro-fluid

linear simulations using GLF23 [22] indicate that TE and ITG modes are unstable. The

experimental values of the TE mode driving terms, R/LTe and R/Lne , at ρ = 0.53, are

shown in figure 4. For most of the experimental conditions, the dominant instability
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Figure 4. Experimental values of the driving gradients for TE modes, R/LTe and
R/Lne at ρ = 0.53. From GLF23 simulations, the dominant instability exhibits a TE
mode behavior (full symbols), except for the lowest values of R/LTe (open symbols).
The big symbol indicates a point also evaluated in LORB5 simulations.

exhibits a TE mode behavior (full symbols in figure 4). First, in the simulations, the

linear mode growth rate γ decreases strongly when R/LTe is reduced and increases when

R/LTi
is reduced. Secondly, γ is insensitive to Te/Ti when Te is kept constant, whereas

γ strongly increases with Te/Ti when Ti is kept constant. For the lowest R/LTe values,

the dominant instability exhibits an ITG mode behavior (empty symbols in figure 4).

In particular, γ increases strongly with R/LTi
and is nearly insensitive to R/LTe .

However, in all the cases of figure 4, the mode frequency ωr is in the same direction than

the ion drift frequency ωDi, which is the characteristic of an ITG mode. It could suggest

that even if the dominant instability is an ITG mode, the TE mode is also strongly

unstable, and the ITG mode growth rate is affected by the coupling between ITG and

TE modes. Another possibility is that the GLF23 ’8 equations’ version without impurity

dynamics, used in our simulation, is no longer valid to predict ωr at high Zeff values

(Zeff = 2.5−5 in the present experiments).

Global collisionless gyro-kinetic simulations have been performed with the linear code
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LORB5 [23] for the point indicated in figure 4. The mode growth rate γ = γp,i+γd,i+γd,e

is calculated for toroidal mode numbers n ranging from 10 to 25. The quantities γp,i,

γd,i and γd,e indicate respectively the contribution of the ion parallel velocity, the ion

drift velocity and the electron drift velocity terms to the total mode growth rate. The

contribution of the electronic channel is found to be more than 90% for all toroidal mode

numbers (maximum growth rate obtained for n = 25). The mode frequency indicates

a TE mode nature and the electrostatic potential fluctuations are localized between

ρ = 0.4 and ρ = 0.8.

Gyro-fluid and gyro-kinetic simulations show that in these experiments the stability

of the TE mode should play a crucial role in the transport of electron heat. For the

present experiment, the variation of the relevant parameters for the stability of ITG/TE

modes are given in table 1 at the investigation radius location (ρvol = 0.53). As in [24]

we define an effective collisionality νeff = νei/ωDe ≈ 0.1RneZeff

T 2
e

, relevant to study the

impact of collisions on electron heat transport (attributed to TE and ITG modes) as it

compares the collision frequency νei to the electron drift frequency ωDe, a rough estimate

of the mode growth rate. ft is the trapped particle fraction [25].

Table 1. Range of parameters, relevant for the stability of ITG/TE modes, explored
in the present experiments.

Te [keV] Ti [keV] Te/Ti R/LTe R/LTi R/Lne

0.6-1.3 0.2-0.5 2-4 4-20 3.5-6.5 3-7.5

ft ne19Zeff [1019m−3] νeff q s

0.54-0.55 3.4-11.5 0.25-1 1.5-1.9 1.1-1.6

4. Experimental heat diffusivity dependence on Te and R/LTe

4.1. Experimental observations

To investigate the effect of temperature Te and normalized temperature gradient R/LTe

on electron heat transport, we concentrate on the plasma configuration of the ”con-

stant Ip” set of experiments with triangularity δ = 0.4. The values of Te and R/LTe

are varied over a large range at mid-radius (Te = 0.7−1.3 keV and R/LTe = 3.4−12.6),

while the values of neZeff and Ti remains nearly constant (neZeff = 3.5−4.5 × 1019 m−3

and Ti = 0.20−0.25 keV). By changing both the total deposited EC power and the EC

power distribution, the correlation between Te and R/LTe is reduced and a variation of

Te by a factor of 1.7 is obtained at constant R/LTe , see figure 2. The heat diffusivity

χe, calculated at ρ = 0.53, exhibits a strong dependence on Te, as shown in figure 5,

with little scatter despite the large variations of R/LTe and R/Lne . In comparison, the

dependence of χe on R/LTe or R/Lne , shown in figure 6, is much weaker and the trend

of χe to increase with R/LTe can be attributed to the correlation of Te and R/LTe visible
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Figure 5. Strong dependence of the experimental electron heat diffusivity χe, at mid-
radius, on the electron temperature Te. The ranges of R/Lne and R/LTe values are
indicated by symbols and colors, respectively.
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Figure 6. Electron heat diffusivity χe, at mid-radius, as a function of (a) R/LTe and
(b) R/Lne .

in figure 2. The experimental observation of a strong dependence of χe on Te does not

exclude a dependence on R/LTe or R/Lne , but this dependence has to be rather weak,

in contrast to the results from GLF23 linear simulations, which indicate a clear and

strong χe dependence on both R/LTe and R/Lne , as shown in figure 7.

Here, we must stress that in the present stationary experiments, the variation of the

temperature profile leads to a change of the current profile. The magnetic shear at mid-

radius s increases with Te from 1.1 to 1.55, which is expected to modify the electron

heat transport. However, recent experiments in TCV show that χe is approximately pro-

portional to s for s > 0 [26]. In the present experiments, the contribution of the shear

variation to the variation of χe would therefore not exceed 5% of the total increase of χe.
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Figure 7. GLF23 simulation of the electron heat diffusivity χe, at mid-radius, as a
function of Te, for various R/LTe and R/Lne values: R/LTe = 6 (blue), R/LTe = 10
(red), R/LTe = 14 (green), R/Lne = 3 (——), R/Lne = 5 (- - - -). Experimental values
(#24890, δ = 0.4) are used and kept constant for the other parameters: Ti = 0.2 keV,
ne = 1.25× 1019 m−3, Zeff = 3

.

4.2. Gyro-Bohm normalization

An electron heat diffusivity dependence on the electron temperature is predicted by the

gyro-Bohm scaling []:

χGB
e ∝ T 3/2

e

aB2

where a and B are the plasma minor radius and magnetic field, respectively. We note

fGB = T
3/2
e

aB2 . To test the χe dependence on R/LTe , once the gyro-Bohm scaling is

taken into account, we plot χe/fGB as a function of R/LTe in figure ??a, for the two

triangularities of the ”constant Ip” set of TCV experiments and for ASDEX Upgrade

data. We can first observe, on TCV and ASDEX Upgrade data, that for low values

of the normalized temperature gradient, mainly R/LTe < 10, χe/fGB increases with

R/LTe , whereas for highest values of R/LTe , there are no more dependence of χe/fGB

on R/LTe . Then, we can note that the gyro-Bohm scaling does not account for the

whole dependence of χe on Te: the four points at δ = 0.4 with R/LTe ∼ 11 still exhibit

significantly different χe/fGB values. This is more explicitly shown in figure ??b where

χe/fGB still increases with Te. The different levels of transport observed between TCV

plasmas with a triangularity of δ = 0.2 and δ = 0.4 will be addressed in the next

sections.

Concerning the heuristic critical gradient model for the heat diffusivity [27, 28], the

present data does not allow to state the existence or the non-existence of a threshold

in R/LTe for electron heat transport. However, figure ??a suggests strongly to include

a weaker dependence on R/LTe in the heuristic gradient model, for high R/LTe values.

For instance, χe ∝ 1 − R/Lcrit
Te

R/LTe
seems more adequate than χe ∝ R/LTe − R/Lcrit

Te
. Such
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Figure 8. a) Electron heat diffusivity normalized to a gyro-Bohm scaling, as a function
of R/LTe , for TCV and ASDEX Upgrade data
b) Electron heat diffusivity normalized to a gyro-Bohm scaling as a function of Te, for
TCV data at δ = 0.4. The ranges of R/Lne and R/LTe values are indicated by symbols
and colors, respectively.

a dependence is supported by recent quasi-linear[Peeters 2005] and non-linear [Jenko

Dannert 2005] simulations for TE modes.

5. Plasma shape effect

5.1. Experimental results

To investigate the effect of plasma triangularity δ on electron heat transport, we

compare two plasmas, from the ”constant q95” set of experiments, with negative and

positive triangularities, δ = −0.4 and δ = +0.4, keeping constant all controlled

plasma parameters in the two plasmas configurations. The line averaged density

measured on a central chord of the far infra-red interferometer is maintained constant,

ne = 1.4 · 1019 m−3, as well as the edge safety factor, q95 = 3.5, and the total deposited

EC power, PEC = 1.3 MW. The edge safety factor is maintained constant by adjusting

the total plasma current: Ip = 265 kA at δ = −0.4 and Ip = 295 kA at δ = +0.4. As

the EC power strongly dominates the power balance, the variation of the ohmic power

due to the change in plasma current does not change significantly the electron edge heat

flux.

A clear reduction of electron heat transport is observed towards negative triangularities.

The electron temperature is found to be substantially higher, and the electron heat

diffusivity lower, at δ = −0.4 than at δ = +0.4, see figure 9. In the two cases, the

electron density and safety factor profiles are similar. The electron heat flux profiles are

also similar, except for ρ < 0.45 due to a slightly more off-axis EC power deposition at

δ = −0.4 as compared to δ = −0.4. The ion temperature follows the same trend than
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Figure 9. Electron temperature (a) increase obtained by reducing the plasma
triangularity from δ = −0.4 (——) to δ = +0.4 (– – –), keeping the electron density
(b), the edge safety factor and the electron heat flux (c) constant. The electron heat
diffusivity (d) reduces with the plasma triangularity (error bars indicated at ρ = 0.58).
The ion temperature (e) is increased by the plasma triangularity reduction, while the
safety factor profile (f) remains similar.

the electron temperature and is higher at δ = −0.4 than at δ = +0.4. To evaluate the

impact of the small variations of Qe, ne, and < |∇ρ|2 > in the variation of χe with δ,
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we calculate:

• Profile 1: χe at δ = −0.4

• Profile 2: χe using as inputs the values of Qe, ne, < |∇ρ|2 > at δ = +0.4 and the

value of ∂Te

∂ρ
at δ = −0.4

• Profile 3: χe using as inputs the values of Qe, ne, < |∇ρ|2 > at δ = −0.4 and the

value of ∂Te

∂ρ
at δ = +0.4

• Profile 4: χe at δ = +0.4

0 0.2 0.4 0.6 0.8 1
0

5

10

15

ρ

χ e   
[m

2 /s
]

Figure 10. Power balance electron heat diffusivity profile:
1: (——) calculated at δ = −0.4
2: (· · · · · ·) calculated with the values of Qe, ne, < |∇ρ|2 > at δ = +0.4 and the value
of ∂Te

∂ρ at δ = −0.4
3: (— · —) calculated with the values of Qe, ne, < |∇ρ|2 > at δ = −0.4 and the value
of ∂Te

∂ρ at δ = +0.4
4: (- - - -) calculated at δ = +0.4

The resulting heat diffusivity profiles are plotted in figure 10. It appears clearly that

for large radii, ρ > 0.45, the variation of χe with plasma shape is not due to the

small variations of Qe, ne, < |∇ρ|2 >: in this region, profile 2 is similar to profile 1,

and profile 3 is similar to profile 4. For 0.25 < ρ < 0.45, the higher heat diffusivity

observed at δ = +0.4 compared to δ = −0.4 is due to a slightly more central EC

power deposition, leading to a higher heat flux in this region, which tends to decrease

the temperature variation with triangularity for ρ < 0.45. To sum up, the reduction

of electron heat transport, observed when decreasing the plasma triangularity from

δ = +0.4 to δ = −0.4 is not due to a variation of the flux surfaces compression,

Qe or ne, but should be attributed to the variation of plasma triangularity. This

reduction of electron heat transport with plasma triangularity is significant. Reducing

the triangularity from δ = +0.4 to δ = −0.4, the electron energy confinement time τEe

increases from 3.6 to 5.3 ms and the electron energy confinement time normalized to

the RLW model prediction [] increases from 1.5 to 2.2. As a consequence, to obtain the
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same temperature profile, only half of the EC power used at δ = +0.4 (PEC = 1.3 MW)

is required at δ = −0.4 (PEC = 0.6 MW), keeping constant the line averaged density

and edge safety factor, see figure 11.

0 0.2 0.4 0.6 0.8 1
0

1

2

3

ρ

T
e   

[k
eV

]
#28008, #28014

δ=−0.4
δ=+0.4

Figure 11. The same Te profile is obtained at δ = −0.4 (——) as compared to
δ = +0.4 (– – –) with half less EC power (0.6MW instead of 1.3MW). The line
averaged density and edge safety factor are kept constant.

5.2. Plasma shape variation in LORB5

To test the possible influence of plasma shape on ITG/TE modes stability, we performed

simulations with the global linear collisionless gyro-kinetic code LORB5 [23]. The code

LORB5 is coupled with the CHEASE code, a Grad-Shafranov solver of tokamak plasmas

MHD-equilibria [29]. The Te, Ti and ne profiles used in the simulation are the ones taken

from the experimental δ = 0.2 equilibrium indicated in figure 4. The triangularity of

the last closed flux surface is varied from -0.3 to 0.5 and the corresponding plasma

equilibrium is reconstructed using CHEASE. As mentioned in section 3, the dominant

instability in these conditions is a TE mode. The global mode growth rate and average

radial extension does not depend significantly on the plasma triangularity, figure 12a,

but the radial localization and structure of the electrostatic potential fluctuations, Φ̃,

changes with δ, being displaced inwards toward negative triangularities, figure 12a. The

change of the Φ̃ localization and structure with δ can not easily be translated in terms

of electron heat transport but underlines, together with the experimental observation

of an increase of electron heat transport with δ, that the full plasma geometry should

be taken into account in the simulation of ITG-TE modes.

6. Collisionality effect

In TCV, the electron heat transport is observed to strongly decrease with increasing

collisionality for all the range of plasma triangularities explored, figure 13a and b. In
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Figure 12. a) LORB5 simulations showing the variation of the mode growth rate
with the plasma triangularity for toroidal mode numbers ranging from 10 to 25
b) Poloidal structure of the electrostatic potential at δ = −0.3 and δ = +0.5, for
toroidal mode number n = 10.

figure 13a, the electron heat diffusivity calculated at ρ = 0.53, between the two EC

power deposition radii, is plotted as a function of the effective collisionality νeff for

both triangularities, δ = 0.2 and δ = 0.4, of the ”constant Ip” set of experiments.

The electron heat diffusivity χe decreases with increasing νeff and no dependence on

the plasma triangularity is observed. In this set of experiments, the value of neZeff

at mid-radius is significantly higher at δ = 0.2 compared to δ = 0.4 and figure 13a

suggests strongly that the χe dependence on Te discussed in section 4.1, observed at

δ = 0.4 at constant neZeff , is a dependence on νeff . It is however not excluded that χe

could depend on both νeff and Te independently. The observation of a reduction of χe

with increasing νeff in TCV is consistent with the expected stabilization of TE modes

at high collisionality, shown in GLF23 simulations, and with the reduction of electron

heat transport with increasing νeff observed in ASDEX Upgrade L-mode plasmas []. In

figure 13b, χe is plotted as a function of the effective collisionality for the ”constant

q95” set of experiments. Here also, χe is observed to decrease with increasing νeff and

does not depend significantly on triangularity for positive δ values. However, at negative

triangularity, χe decreases with decreasing δ, as was observed in section 5.1. The coupled

effect of νeff and δ allows us to understand why the reduction of electron heat transport

observed when reducing δ from +0.4 to −0.4 is modest at constant heat flux, while it has

a strong impact on the required amount of EC power to achieve a given temperature.

At constant heat flux and plasma density, the reduction of χe with decreasing δ leads

to an increase of Te, and therefore to 1/νeff , which in turn lead to an increase of χe and

limit the increase of Te. The strong reduction of χe with δ is masked by the increase an

increase of 1/νeff . On the other hand, if the effective collisionality is kept constant by

adjusting the heat flux, the strong reduction of χe with δ appears clearly in the reduction

of the EC power required to obtain the same electron temperature at δ = −0.4 than at
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Figure 13. Electron heat transport reduction at high plasma collisionality in (a)
the ”constant Ip” (open symbols indicates point where ITG dominates according to
GLF23 simulations) and (b) the ”constant q95” set of experiments. In the ”constant
q95” set of experiments, a large range of plasma triangularity is explored and electron
heat transport is observed to reduce at negative triangularity.

δ = +0.4.

To check that the variation of χe with νeff is not only due to a T 3/2
e gyro-Bohm

dependence, we plot χe/fGB as a function of 1/νeff in figure 14. It appears that an

increase of the plasma collisionality and a decrease of the plasma triangularity still

leads to a reduction of electron heat transport, even with a gyro-Bohm normalization.

The χe dependence on Te of the gyro-Bohm scaling could be correct, but has to be

completed with a νeff and a δ dependence.

7. Conclusion

Electron heat transport in low density L-mode plasmas has been investigated in

TCV using strong localized EC heating. In these experimental conditions, both local

linear gyro-fluid simulations (GLF23) and global collisionless gyro-kinetic simulations

(LORB5) indicate that TE modes should play a crucial role in the transport of electron

heat. In the simulations, the TE modes growth rate is found to strongly depend on

the electron temperature Te and on the normalized temperature gradient R/LTe . The

electron heat transport dependence on these two parameters has therefore been tested

experimentally by varying independently Te and R/LTe over a large, earlier unexplored

range. The electron temperature was changed mainly by changing the amount of EC

power deposited in the discharge, while the temperature gradient was changed by

changing the radial EC power distribution. The electron heat diffusivity, calculated

at mid-radius, is found to strongly increase with the electron temperature with no

strong dependence on R/LTe nor R/Lne , except at the lowest R/LTe values if a gyro-

Bohm dependence is assumed for χe. This result has been obtained at constant neZeff .
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Figure 14. Electron heat diffusivity normalized to gyro-Bohm scaling as a function
of plasma collisionality in (a) the ”constant Ip” (open symbols indicates point where
ITG dominates according to GLF23 simulations) and (b) the ”constant q95” set of
experiments. In the ”constant q95” set of experiments, a large range of plasma
triangularity is explored and electron heat transport is observed to reduce at negative
triangularity.

Comparing data with different values of neZeff , it appears first that χe depends on Te

but also on neZeff and second that the electron heat diffusivity, as well as the electron

heat diffusivity normalized a gyro-Bohm scaling, are shown to reduce strongly with

increasing effective collisionality νeff = 0.1RneZeff

T 2
e

. This reduction of electron heat

transport with νeff is consistent with the strong experimental impact of the effective

collisionality on particle transport and with the predicted stabilizing effect of νeff on

the TE modes. It is however not excluded that χe could depend independently on Te

and νeff . These results suggest that the effective collisionality has to be included in the

heuristic modelling of electron heat transport, together with a decrease of the impact

of R/LTe on χe at high R/LTe values. In future reactor level experiments, like ITER,

due to the strong electron heating by alpha particles, a low collisionality is expected

and the observed dependence of electron heat transport on νeff could play a significant

role. In addition, the TCV plasma shaping capabilities have been exploited to test the

influence of plasma triangularity on electron heat transport. It appears that electron

heat transport decreases with decreasing triangularity. The effect is relatively weak from

δ = +0.4 to δ = −0.2 but becomes much more pronounced at δ = −0.4. At constant

collisionality, half less EC power is required at δ = −0.4 as compared to δ = +0.4 to

obtain the same electron temperature.
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