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Abstract. The impact of plasma shaping on electron heat transport is investigated in TCV L-mode plasmas. The
study is motivated by the observation of an increase of the energy confinement time with decreasing plasma trian-
gularity that may not be explained by a change in the temperature gradient induced by changes in the geometry of
the flux surfaces. The plasma triangularity is varied over a wide range, from positive to negative values, and vari-
ous plasmas conditions are explored by changing the total electron cyclotron (EC) heating power and the plasma
density. The mid-radius electron heat diffusivity is shown to significantly decrease with decreasing triangularities
and, for similar plasma conditions, only half of the EC power is required at a triangularity of —0.4 compared to
+0.4to obtain the same temperature profile. Besides, the observed dependence of the electron heat diffusivity on
the electron temperature, electron density and effective charge can be grouped in a unique dependence on the
plasma effective collisionality. In summary, the electron heat transport level exhibits a continuous decrease with
decreasing triangularity and increasing collisionality. Local gyro-fluid and global gyro-kinetic simulations pre-
dict that trapped electron modes are the most unstable modes in these EC heated plasmas with an effective colli-
sionality ranging from 0.2 to 1. The modes stability dependence on the plasma triangularity is investigated. For
higher effective collisionality, ranging from 1 to 2 and achieved in ohmic plasmas, the experimental electron heat
transport is no longer observed to decrease with decreasing triangularity.

1. Introduction

The shape of the plasma cross-section in tokamaks is observed to strongly influence a wide
range of plasma properties, such as the plasma pressure and current limits [1] or the sawtooth
stability [2, 3]. Active plasma shaping thus offers a way to control these plasma properties and
to obtain an improved understanding of the underlying physics. In previous studies, the influ-
ence of the plasma shape on the core energy confinement has been investigated using the
unique shaping capabilities of the TCV tokamak. These studies were performed in L-mode
plasmas to minimize the influence of plasma edge stability.

Ohmic plasmas with line averaged density from 5 to 9x10"°m™ were first considered, with
plasma elongation K and plasma triangularity o in the range 1<k<1.85and —0.3<0<0.55The
energy confinement time T was observed to significantly increase with the plasma elongation
but to be independent of the plasma triangularity [4, 5]. For higher plasma elongation,
2.2<K<2.7 the energy confinement no longer increased with K [6]. In these ohmic discharges,
the variations of Tg with plasma shape, including the saturation at high elongation, can be
explained by changes in the temperature gradient induced by changes in the geometry of the
flux surfaces, without requiring the inclusion of a shape dependence of the transport coeffi-
cients [4, 5].

The influence of plasma shape on energy confinement was then investigated in the presence of
1.5MW of central EC heating for a wide range of triangularity, -0.65<0<0.55, in plasmas of
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intermediate elongation, K=1.5, and of line averaged density of about 1.8x10"°m ™, In contrast
to the higher density ohmic case, Tz depended strongly on the plasma triangularity, scaling as
(1+6)'0'3 > [7]. Such a dependence can not be explained by geometrical effects, which has
motivated the present study that focusses on the influence of plasma triangularity on core elec-
tron heat transport.

The paper is organized as follows: the experiments and analysis methods are described in Sec-
tion 2, Section 3 compares the core electron heat transport level between two plasmas configu-
rations with a negative and a positive triangularity. The study is then extended to a larger
domain in Section 4 that investigates the role of the plasma collisionality and triangularity. To
evaluate the potential role of the trapped electron modes (TEM) in the transport of electron
heat, the TEM dependence on plasma triangularity is assessed using gyro-kinetic simulations
described in Section 5. Finally, some conclusions and comments are presented in Section 6.

2. Experimental set-up

The experiments are performed with L-mode configurations limited on the central column of
the torus. The influence of plasma shaping on electron heat transport is investigated by varying
the plasma triangularity, —0.4<0<0.4 while the plasma elongation, K=1.6, minor radius,
a=0.25m, and toroidal magnetic field, Bt=1.44T are kept constant. The radial electron heat
flux Q, is controlled by depositing 0.45 to 1.8MW of EC heating power slightly off-axis, at
p=0.4,with the radial coordinate defined by p = ,/V/V| g, Where V' is the volume of the
flux surface labelled by p and V| g the volume of the last closed flux surface. The EC power
deposition, calculated with the linear ray-tracing code TORAY-GA [8], is strongly radially
localized slightly outside the g=1 surface to minimize sawtooth activity [9]. For the explored
line averaged densities, ranging from 1 to 2.2x10 “m , the EC power is fully absorbed in the
first pass through the electron cyclotron resonance. There is no current driven by the EC waves
as the wave vector is maintained perpendicular to the magnetic field by adjusting the toroidal
injection angle for each value of the triangularity. The level of electron heat transport is
assessed in steady-state by computing the electron heat diffusivity. The electron heat diffusiv-
ity X, characterizes the temperature gradient that may be sustained by a given heat flux in spe-
cific plasma conditions and is obtained from the power balance:

_ 2 9Tqy
Xe - _Qe/%eu]m) | D%D

In this expression, the brackets indicate an average over the flux surface. The electron heat flux
is calculated taking contributions from the EC heating power, the ohmic power and the elec-
tron to ion equipartition power into account. The EC heating power is the main contribution to
the electron heat flux with an ohmic heating power never exceeding 0.25MW. Due to the low
densities, there is little power transferred from the electrons to the ions and the electron tem-
perature is higher than the ion temperature. The radiated power is <10% of the total heating
power and tomographic inversions of bolometric data indicates that >85% of it is radiated
from the region p>0.7. The radiated power may therefore be neglected in the calculation of the
core electron heat diffusivity. The electron temperature and density profiles are measured
every 25ms using a Thomson Scattering system and averaged over ~100 confinement times
(~300ms) after a stationary internal inductance is obtained. The C® ion temperature profile is
measured by a Charge Exchange Recombination Spectroscopy (CXRS) diagnostic.



3 EX/P3-20

3. Electron heat transport comparison at two triangularities

In a first step, two plasmas discharges with triangularity 8=—0.4and 6=+0.4are compared.
Special care was taken to achie\ig si_rglilar conditions for these discharges. The central line
averaged density, N, = 1.43x107"m 7, is kept constant to within #3% and the EC heating
power and the total current are adjusted to obtain similar electron temperature and safety fac-
tor profiles. The safety factor profile g is reconstructed using the PRETOR transport code [10]
in interpretative mode, accounting for the ohmic and bootstrap contributions to the current
profile. The average effective charge is estimated from the neoclassical conductivity assuming
a flat effective charge profile and matching the calculated and measured total plasma current.
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FIG. 1. Comparison of two plasmas with different triangularity &, showing that for similar electron
temperature (a), electron density (b), ion temperature (c) and safety factor (d) profiles, the electron
heat flux (e) and the electron heat diffusivity (f) are halved at 3=—0.4compared to 6=+0.4

As shown in FIG. 1, the electron temperature, the electron density and the safety factor pro-
files are quasi identical, as are the average effective charge values: Z,5=3.5 at 6=—0.4and
Z.;=3.6at 0=+0.4.1t is remarkable that, for such comparable plasma conditions, the electron
heat transport is halved at 8=—0.4compared to d=+0.4 [11] The EC heating power required to
obtain the same temperature profile was only 0.58MW at d=—0.4compared to 1.26MW at
0=+0.4 As the EC heating power dominates the power balance, the electron heat flux and the
electron heat diffusivity are consequently halved at d=—0.4compared to d=+0.4 The ion heat
transport is also reduced with decreasing triangularities. As shown in FIG. 1, the ion tempera-
ture is higher at d=—0.4than at d=+0.4while the ion heating power, dominated by electron-ion

collisions, is constant.

The term [p |2D, involved in the calculation of the transport coefficients and representing
the average flux surface compression, remains approximately constant, see FIG. 2. Even for a
constant pressure profile, the Shafranov shift is, however, highly influenced by the change in
plasma triangularity and could be, at least in part, responsible for the change of X.. As illus-
trated in FIG. 2, the Shafranov shift increases with decreasing triangularity by 2cm, i.e. ~8%
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of the minor radius, between these two discharges. The small difference in the plasma current,
1,=26KA at d=—0.4and [,=28%A at 0=+0.4 required to produce the same g=1 surface
radius, does not significantly influence the electron heat transport, as demonstrated in
Section 4. The strong reduction of the electron heat transport observed over the whole plasma
is mirrored by an increase of the electron energy confinement time from 3.9 to 8.1ms.
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FIG. 2. Variation of <|[D| 2> (a) and of the Shafranov shift (b) profiles with the plasma triangularity.

While the average flux surface compression is not affected by a triangularity change, the Shafranov

shift strongly increases with decreasing triangularity.

4. Impact of collisionality and triangularity on electron heat transport

To confirm the impact of plasma triangularity on electron heat transport over a larger range of
plasmas conditions, the plasma triangularity is now varied from d=—0.4to d=+0.4and various
plasmas densities and EC power levels are explored, whilst keeping the EC power deposition
radius constant at p=0.4 The plasma current is slightly varied, 240<,<29(KA, to assess the
influence of the safety factor profile variation in the triangularity scan. The plasma parameters
domain covered at mid-radius for T, ne, Zos, T;, Vet R/LT , R7L,, , TJIT, R/LT and f; is
summarized in Table I. The effectlve colhsmnahty Vi = Vg ./ Wpe compares the electron-ion
collision frequency V,; to the curvature drift frequency ooDe and can be approximated by
Vgi = 0.1RNZ 4/ '1;2 [12]. The normalized gradient R/Ly is defined as
R/Ly = —ROX/ X, where X represents T, n, or T;. The trapped electron fraction f; is calcu-
lated using the formula derived in [13].

TABLE I: PARAMETER RANGE EXPLORED AT MID-RADIUS, p=0.55 IN THE STUDY
OF THE IMPACT OF PLASMA TRIANGULARITY ON ELECTRON HEAT TRANSPORT.

T, [keV] | 7 [10°m™] Zegr T; [keV] Vet
09-1.7 1.2-2.8 2.2-54 0.25-0.45 0.15-0.9
R/Lt_ R/L, TJT, R/Ly S
12-17.5 2.5-5.5 3-5 4-7 0.55-0.56

Before describing the plasma triangularity effect on electron heat transport, the other parame-
ters that strongly influence electron heat transport are identified. A previous study performed
at constant plasma shape (6=+0.2and k=1.5) indicates that for TCV EC heated L-mode plas-
mas, the mid-radius electron heat diffusivity is independent of the normalized temperature
gradient R/LT , if R/LT >10 [11]. In contrast, the electron temperature, the electron den-
sity and the effective charge strongly influence the experimental electron heatztransport which
suggests a dependence of X, on the effective collisionality V4 L N.Zy:/ T, . The effective
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collisionality does indeed play a major role in the stability of TEM and, as shown by local
gyro-fluid linear simulations performed with GLF23 [14], TEM are the dominant micro-insta-

bility for the plasmas considered in this study. The range of T,, n, and Z.g covered at mid-
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FIG. 3. Range of T,, n, and Z,z covered at mid-radius for two plasma triangularities, 0=+0.4 (top
plots) and 8=—0.35(bottom plots). The mid-radius electron heat diffusivity X, dependence on T, n,
and Z gy may be combined into a unique dependence on the plasma effective collisionality V g

radius together with the electron heat diffusivity as a function of 1/V¢ are shown in FIG. 3 for
two plasma triangularities, 8=0.4and —0.35 As shown in FIG. 3, X, not only depends on T,
n, and Z.¢ but this dependence may be cast as a dependence on the plasma effective collision-
ality. The electron heat transport is shown to significantly decrease towards high effective col-
lisionalities, as would be expected from the TEM dependence on V. The effect of Vg on
electron heat transport has also been demonstrated in ASDEX Upgrade L-mode plasmas [15].
For the plasmas considered in FIG. 3, the normalized temperature gradient values at mid-
radius range between 12 and 16, the safety factor and magnetic shear vary by <10% and the
normalized density gradient values vary between 1.5 and 4, with no correlation with V. It
should be noted that the electron temperature variations obtained at constant V¢ are weak and
can not be used to determine whether the electron heat transport depends on 7, solely through
Vegr or through V¢ together with a further dependence on T, like, for instance, a gyro-Bohm
dependence.

The dependence of X, on V. may now be used to investigate the impact of & on X,. The mid-
radius electron heat diffusivity is plotted as a function of 1/V.¢ in FIG. 4, for the four plasma
triangularities considered in this study. The decrease of X, with increasing V. is confirmed for
each plasma shape and a clear decrease of X, with decreasing plasma triangularity is obtained.
These results change little with the inclusion of a gyro-Bohm normalization for X,. For all the
plasmas discharges considered, little MHD mode activity is detected and the sawtooth activity,
monitored by soft X-ray diagnostics, has a negligible impact on the mid-radius pressure pro-
file. Previous studies, dedicated to the impact of plasma triangularity on sawteeth [2, 3], show
that the sawteeth amplitude and frequency variations are parabolic with d, with an extremum
around 0=—0.2The potential influence of sawteeth on transport may, therefore, not be invoked
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to explain the monotonic decrease of X, with decreasing triangularity. The influence of the
safety factor variation with d may also be discarded. Part of the study was performed at con-
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FIG. 4. Decrease of the experimental electron heat diffusivity X, with decreasing triangularity & and
increasing plasma collisionality V .5 in EC heated L-mode plasmas (full symbols). In high collisional-
ity ohmic plasmas (open symbols), the effect of plasma triangularity on X, is no longer observed.

stant total current, with another part at constant edge safety factor geqg.. In the first case,
1,=260KA to within +5% and g.q,. varies from 4.2 to 5.6 in the triangularity scan. The ¢g=1
surface radius p;, mainly proportional to the average current density, is also constant to within
+5% and p1=0.3 In the second case, geqge=5.5 to within +5% and 240</,<29(kA. The current
variation with 0 is parabolic with a minimum around 0=—0.2 The ¢=1 surface radius follows
the variations of /, and p;=0.3to within +20%. In both cases, the variation of X, with 0 and
Vg are similar and the two set of points can not be distinguished in FIG. 4. This does not
mean that the electron heat transport does not depend on the safety factor profile, but only that,
in the present study, the mid-radius safety factor variations are too small to have a significant
impact on X,.

For EC heated L-mode plasmas (full symbols in FIG. 4), the electron heat transport decreases
with increasing collisionality and decreasing triangularity. For ohmic plasmas (open symbols
in FIG. 4) of about the same electron density, the effective collisionality is higher and, as
shown in FIG. 4, the triangularity effect on X, is no longer observed. This underlines the
strong impact of plasma collisionality on electron heat transport and possibly explains why the
energy confinement improvement with decreasing triangularity, observed in low collisionality
EC heated plasmas [7, 11], is not observed in high collisionality ohmic plasmas [4, 5].

5. TEM dependence on plasma triangularity

In addition to the local gyro-fluid linear simulations (GLF23) showing that TEM are the dom-
inant instability, dedicated global gyro-kinetic colisionless simulations are performed with the
linear code LORBS [16] to investigate the impact of & on TEM. The triangularity of the last
flux surface is varied from 0=—0.3to 6=+0.5 while the T, n,, T;, Z.; and current profiles,
taken from an experimental case, are kept constant. The plasma equilibrium description is cal-
culated for each triangularity using the Grad-Shafranov solver of MHD equilibria CHEASE
[17]. For p<0.8 the trapped electron fraction is identical for each triangularity to within +5%.
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For the experimental reference plasma, the C®" ion toroidal velocity, measured by the CXRS
diagnostic, is <1Okm/s across the whole radial profile and%theeradial electric field is often
rather weak in TCV plasmas [18]. In these conditions, the E x B stabilization of the TEM is
negligible and is therefore not included in the simulations. For all plasma triangularities and
toroidal wave numbers 7, the simulations indicate that the TEM is the dominant instability and
the electron contribution to the total growth rate y is more than 90% The growth rate Y, the
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FIG. 5. Global gyro-kinetic linear simulations (LORBS5) showing the impact of the plasma triangular-
ity on the TEM properties. Left plots (a): TEM growth rate Y, perpendicular wave vector times the ion
Larmor radius kppg and mixing length transport level y/kDZ, for toroidal waves numbers 5<n<25.
Right plots (b) poloidal structure of the n=10electrostatic potential for 5=—0.3and 6=+0.5

perpendicular wave vector k;j and the mixing length heat diffusivity X,™*=ykq? are shown in
FIG. 5 as a function of the toroidal wave number. The maximum transport level is obtained for
n=10with the mixing length heat diffusivity decreasing significantly towards negative triangu-
larities for n<10. The poloidal structure of the electrostatic potential obtained for n=10 is
shown in FIG. 5, for 8=—0.3and 0=0.5 The plasma triangularity has a marked impact on the
TEM properties, mainly kp; increases with decreasing & for low # values, which could possibly
explain the decrease of X, towards negative & observed in the experiments.

6. Conclusions

The electron heat transport has been studied in L-mode plasmas in the presence of EC heating
power deposited in the plasma core. In these conditions, it is shown that the electron heat dif-
fusivity dependence on the electron temperature, electron density and effective charge can be
combined as a dependence on the plasma effective collisionality. The effect of plasma triangu-
larity on the electron heat diffusivity is demonstrated for a wide range of plasma collisonali-
ties. The electron heat transport is shown to decrease significantly with increasing
collisionality and decreasing triangularity. Local gyro-fluid (GLF23) and global gyro-kinetic
(LORBS) simulations predict that the micro-instabilities potentially responsible for anoma-
lous heat transport in these EC heated plasmas are the trapped electron modes (TEM). The
dependence of the TEM growth rate and perpendicular wave vector on plasma triangularity
observed in global simulations could be at the origin of the experimental decrease of X, with
decreasing triangularities. The decrease of X., occurring in the plasma bulk, has a strong
impact on the electron energy confinement. In contrast to low collisionality EC heated L-mode
plasmas, the electron heat diffusivity and the energy confinement no longer depend on the
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plasma triangularity in high collisionality ohmic L-mode plasmas. This underlines the promi-
nent role of plasma collisionality in electron heat transport.

In high collisionality H-mode plasmas, as the triangularity is increased, the increase in the
edge stability and pedestal height results in an increase of the energy confinement
time [19, 20]. At low collisionality, however, the effect of the pedestal would compete with an
increase of the core electron heat transport with triangularity similar to that observed in L-
mode plasmas. The overall dependence of the energy confinement on the plasma triangularity
remains, therefore, an open question that requires now a study of the role of plasma shape on
electron heat transport in low collisionality H-mode plasmas.
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