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Abstract. The effects of negative triangularity (§) on confinement and
fluctuations in plasmas covering a large range of parameters were investigated
on the tokamak a configuration variable (TCV). The conditions explored in this
paper include discharges where neutral beam (NB) heating was employed to
obtain an electron-ion temperature ratio Te/T; ~ 1 across a large fraction of
the plasma profile. This significantly extended the range of negative § plasmas
studied on TCV towards conditions more relevant to future reactor-like tokamaks.
Negative triangularity was found to improve confinement over the full range of
collisionality studied (0.1 < 1/veg < 2) and T./T; (0.5 < T./T; < 5). The
amplitude of radiative temperature fluctuations, measured using a correlation
electron cyclotron emission (CECE) diagnostic over the range 0.55 < pyo) < 0.75,
was found to be reduced, in negative with respect to positive é plasmas, for
all combinations of parameters explored. This was, in particular, verified for a
pair of positive and negative d plasmas with comparable density and gg5 under
different conditions of NB heating. Linear gyrokinetic simulations found the
dominant turbulence regime, in the strongly NB heated discharges, to be a mix
of trapped electron modes (TEMs) and ion temperature gradient driven modes
(ITG). This is in contrast to ohmic or electron cyclotron heated discharges, for
which the dominant turbulence regime was found to be pure TEM. Negative
triangularity was found to lead to partial stabilization of the most unstable modes
for low wavenumbers in both turbulence regimes. These findings demonstrate that
negative triangularity could provide significant confinement improvement over a
large range of parameters, that include conditions closer to future reactor-like
machines (Te/T; ~ 1, low collisionality).

1 See author list of S. Coda et al 2017 Nucl. Fusion 57 102011



1. Introduction

Anomalous transport [1] is recognized as the main
contribution to heat and particle loss in magnetically
confined plasma. It arises from the coupling of
microfluctuations of the plasma electric and magnetic
fields, with those of the density and temperature
profiles. Reducing these fluctuations, which generally
develop into a turbulent state, is key to improving
confinement and performance in future magnetic
confinement machines. Work performed at TCV in the
last twenty years has shown that negative triangularity
could significantly improve confinement and reduce
turbulent fluctuations.

Due to its flexibility, the tokamak & configuration
variable (TCV) 2] is particularly useful to investigate
the effects of innovative shaping on confinement and
fluctuations. TCV is a carbon walled, medium sized
tokamak (major radius R = 0.88 m, minor radius a =
0.25 m) with up to 1.53 T magnetic field on axis and up
to 1 MA plasma current. One of its important assets
is the unparalleled shaping capability that allows the
investigation of plasmas with elongation 0.9 < x < 2.8
and triangularity -0.7 < § < 1.

In experiments with limited negative § plasmas,
strong confinement improvement was observed for
ohmic [3] and EC heated [4, 5, 6, 7] discharges. In par-
ticular, similar electron density and temperature pro-
files were obtained in symmetric positive and negative
0 plasmas using only half of the auxiliary heating power
in the latter case [5, 6]. The relative confinement im-
provement between positive and negative § was found
to reduce for increasing collisionality [6], until no bene-
ficial effect of negative § could be observed in high den-
sity, ohmic discharges. Electron density and tempera-
ture fluctuation measurements were performed in two
different series of L-mode discharges, using the tangen-
tial phase contrast imaging (TPCI) [8, 9, 10] and corre-
lation electron cyclotron emission (CECE) [11, 12, 13]
diagnostics respectively. Both studies found a marked
suppression of fluctuations in negative with respect to
positive ¢ discharges.

The causes of the confinement improvement
observed in the experiments were studied using gyro-
kinetic simulations (LORB5 [14], GS2 [15], GENE
[16, 17]). These simulations were performed using
the experimental equilibria of positive and negative
¢ discharges with matched temperature and density
profiles. Trapped electron modes (TEMs) were found
to be the dominant source of instability in both shapes,
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for all wavenumbers with kps < 2 (where ps = B e

in all studies. TEMs are expected to be stabilized by
collisions [18], so these results are consistent with the
experimental observation of a reduction of the electron
heat conductivity (x.) for increasing collisionality [6].
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The global, gyro-kinetic, collisionless simulations
performed using the LORB5 code, demonstrated
reduction of the mixing length heat diffusivity and the
growth rate of modes with n<10 in negative § plasmas.
Moreover, the structure of the electrostatic potential
fluctuations was observed to change with §, with higher
k) for low n modes, in negative § discharges [6].

Flux-tube, non-linear simulations, run using
the GS2 code, including impurity effects but not
collisions, managed to reproduce the reduction of y,.
in negative with respect to positive d pulses within
the experimental error bars, for py, = 0.7, but not
for positions closer to the plasma core. There, the
Xe reduction was instead underestimated [19]. Flux-
tube GENE simulations based on the same equilibria
and profiles, this time including the effects of collisions,
again found negative J to have stabilizing effects only
for p > 0.7 but did not reach quantitative agreement
with the experimental heat fluxes. These results also
suggested that negative triangularity may increase the
critical gradient for the onset of turbulent fluctuations
[20]. Other gradient-driven, global, non-linear GENE
simulations, not including the effects of impurities,
qualitatively reproduced the reduction of the heat flux
for p > 0.4, even though their results still exceeded the
experimental values [21].

Thanks to these results, interest has grown for
the possibility of developing negative & scenarios for
future tokamak reactors [22;, 23, 24, 25]. Beside
the confinement improvement, in fact, this type
of configuration could provide attractive advantages
concerning power handling management, which is
considered to be one of the major challenges to
overcome [26, 27] in designing large tokamaks.

However, the results obtained in past experiments
in TCV [4, 5, 6, 9, 10, 13] cannot simply be
extrapolated to a reactor-like machine. One of the
reasons is that the works cited above only investigated
the effects of negative & on confinement in ohmic or
EC-heated discharges, where the electron temperature
in the plasma core was more than twice the ion
temperature. Instead, in a reactor-like tokamalk, it is
expected that the confinement time and density will be
high enough to allow coupling and thermalization of
electrons and ions, leading to T,./T; ~ 1 across a large
fraction of the radial profile. This can have important
effects on transport. For example, lower values of T, /T;
are considered one of the main factors that can drive
the change in the turbulence regime from electron to
ion dominated.

One other important difference between the
discharges used in most of the aforementioned studies
and those expected to be used in future reactors is
the presence of a divertor. Studies on diverted, upper
negative triangularity discharges are, in fact, very



limited. In TCV, L-mode pulses [28] showed a higher
edge temperature in negative d, while in H-mode [7]
lower pedestals were found, with respect to symmetric
positive ¢ pulses.

Recently, on DIII-D, L-mode limited discharges
with negative triangularity, heated with both ECH
and NBI and reaching T./T; ~ 1, were obtained.
In these discharges, H-mode like confinement without
edge pedestal and reduced fluctuations, with respect
to positive ¢ plasmas with the same applied actuators,
were observed [29, 30]. Linear gyrokinetic simulations
found that the resulting turbulence was dominated by
trapped electron modes [29, 30], similarly to what was
observed in TCV [19, 20, 21].

TCV has been recently upgraded with a 1 MW
neutral beam (NB) heating system [31] that can be
used to cover a wide range of previously unattainable
operation conditions, especially characterized by
T./T; < 1. This possibility was exploited to produce
a pair of discharges with symmetrical positive and
negative 9, strong ion heating and comparable density
and current density profiles. Starting from these
model discharges, numerous pulses were obtained,
with varying plasma conditions, in order to assemble
a database of fluctuation measurements in a large
parameter space. The equilibria and experimental
profiles of these discharges were used as inputs for
linear, flux-tube gyrokinetic simulations, run using
the GENE code. The aim of these simulations was
twofold. First, it was to understand if these strongly
ion-heated plasmas still displayed a purely electron
driven turbulence regime or an ITG/TEM mix. Then,
to verify if negative § had stabilizing effects also in the
presence of stronger ion gradients and 7T, /7T; < 1.

The two closely matched positive and negative
¢ discharges and the range of conditions explored in
the measurements database are described in section
2. The main results obtained from analysis of
the measurements on the aforementioned pulses are
presented in section 3. In section 4, the details and
the main results of the gyrokinetic simulations are
reported. Finally, conclusions are drawn in section 5.

2. Experimental method

2.1. Development of matching NBI heated discharges
with positive and negative §

To highlight the effects of triangularity in NB heated
plasmas, minimizing the influence of other parameters
(such as plasma elongation, safety factor and kinetic
profiles), a pair of positive and negative § discharges
as similar as possible were produced. Their geometry
is shown in figures la and 1b. The two plasmas were
centered on the vessel midplane (z=0) and presented
symmetric shapes with § = +0.4, k = 1.4. By
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Figure 1: Plasma geometry for the positive (60797)
and negative (58499) ¢ discharges (a and b).

varying I, in the two differently shaped pulses (265
kA and 230 kA for the positive and negative § plasmas
respectively), comparable safety factors were obtained
over the whole radial profile (g5 ~ 3.4).

It could be argued whether it is I,, or the q profile
that mostly influences plasma confinement. In this
sense, the choice of a higher I, for the positive ¢ plasma
is conservative with respect to its possible effect on
confinement. Furthermore, negative triangularity had
already been found to strongly improve confinement in
a pair of positive and negative § ohmic discharges, with
comparable density profiles with the same I, [13].

Both discharges had central line averaged density
Neav = 2.9 101 m=3. This value was calculated
after the equilibrium reconstruction, considering the
actual intersection of the vertical FIR chord used
for the measurement with the plasma volume, in
the two different shapes. The negative triangularity
discharge was heated with 300 kW of NBI for 1 s,
while the positive triangularity one was heated in two
different phases, each 0.4 s long, at 300 and 1000 kW
respectively. The time traces of the main parameters
for the negative and positive § discharges are shown
in figures 2a and 2b respectively. Phases in which the
plasma parameters remained stationary were chosen
in order to perform correlation analysis. They are
highlighted with colours in figures 2a and 2b. Notice
that, for the negative triangularity discharge, density
was not well controlled and decreases significantly after
1.4 s. In the high power phase of the positive §
discharge, instead, the NBI mulfunctioned at 1.65 s.



The resulting profiles for the time windows highlighted
in figures 2a and 2b are shown in figure 3. In the
selected phases, the density profiles of the positive and
negative 0 discharges were comparable.

The ASTRA code [32, 33|, together with a
dedicated module for NB injection [34], was used to
simulate the total beam heating power deposition, the
resulting current drive and the effective ohmic power
for the two discharges. In TCV it is estimated that ~
20% of the NBI power is lost in interactions with the
beam duct. Of the remaining power injected in these
discharges, it was found that a fraction between 8%
and 20% escapes the plasma by shine-through or first
orbit losses. Finally between 25% and 35% of the fast
ions in the plasma undergo charge exchange reactions,
escaping confinement before they can transfer their
energy to the bulk plasma [35]. This results in 150
kW of absorbed NB power for both discharges when
PNBI =300 kW, and 260 kW when PNBI = 1000 kW in
the positive triangularity discharge. Adding the ohmic
power, the total heating power was ~ 355 kW for the
negative § discharge, while in the positive § one was
~ 460 and ~ 470 kW for the low and high power
phases respectively. The small difference between the
total power for the two different heating phases of
the positive ¢ discharge is related to the increase in
plasma temperature which, in turn, causes a reduction
of the plasma resistivity. The uncertainties in these
estimations were calculated by varying the input of
ASTRA and evaluating the dispersion of the results
of the simulations. In particular, the electron kinetic
profiles were varied by +/-10% and the neutrals density
at the last close flux surface was changed between 50%
and 200%. The uncertainties estimated in this way
were found to be ~25% for the 300 kW phases of both
positive and negative discharges and ~50% for the 1000
kW phase of the positive § pulse. These values are
summarized in table 1.

The CECE diagnostic of TCV [12] was used
to study radiative temperature fluctuations in these
discharges. The horizontal line of sight, located at
the vessel midplane (z = 0), was used to optimize
the plasma coverage of the diagnostic. The six CECE
channels were spaced by 300 MHz, corresponding to
~ 0.5 cm. The diagnostic is estimated to be sensitive
to wavenumbers kg < 0.4 cm~![36]. The amplitude of
the fluctuations was calculated from cross-correlation
analysis, using the techniques described in [13],
integrating the cross power spectral density over
the 20 - 50 kHz range. This frequency range
does not represent the whole bandwidth of turbulent
fluctuations. However, these lower frequencies are
associated to low k modes, which are expected to be
the main contributors to saturated transport levels.

2.2. Construction of a database of fluctuation
measurements

Starting from the discharges described above, the
parameter space covered in this study was broadened
through a series of positive and negative triangularity
discharges where density, ECH and NB heating powers
were varied.

The database contains 50 limited, L-mode
discharges, 32 with positive triangularity (6 = 40.4)
and 18 with negative triangularity (§ = —0.4).
Elongation varied between 1.4 and 1.5 in both shapes.
Plasma current was kept fixed in all discharges at 230
kA, causing differences in the safety factor profiles
(g5 ~ 3.3 and gg5 ~ 3.8 for the negative and positive
triangularity discharges respectively). In these plasmas
the line averaged density was varied from 1-10'° to
3.5-10 m~3. EC heating was applied using one or
two gyrotrons, pointing slightly off the plasma axis
but still inside the q = 1 surface, in order to reduce
the impact of sawteeth [37]. Plasmas included in the
database, where ECH was applied, were heated using
365 kW, 730 kW or 1000 kW. Neutral beam heating was
applied to some of the negative (300 kW) and positive
(300 or 1000 kW) triangularity discharges. Taking into
account also the ohmic power, the total effective power
varied between 150 and 1200 kW in the discharges of
the database. In all discharges the plasma axis was
set at z = 0 cm in order to have on-axis NB injection
when the heating beam was used. The discharges have
confinement times varying between 2 and 20 ms.

For all of these discharges, the flat top between 0.5
and 1.5 s was divided into 100 ms intervals. Plasmas
were considered stationary in these 100 ms intervals if
the plasma density did not vary by more than 15%, and
the heating power and mixture did not change. Only
such intervals were considered for analysis. Equilibria
and current density were also checked to be stationary
during the selected intervals.

In all of these discharges, radiative temperature
fluctuations were measured with the CECE diagnostic,
using settings similar to those of the pair of matched
discharges described in section 2.1. For each time
interval, fluctuation measurements in five different
radial positions were obtained. In some of the
discharges, especially positive d pulses, when high
power NBI was applied, quasi-coherent modes could
be observed in the 20-25 kHz range in the Cross power
spectral density (CPSD). These modes were found
to be weaker and rarer in the negative ¢ plasmas
included in this database. To exclude the contribution
of these modes from the fluctuation amplitude
calculation, they were identified, and their amplitude
subtracted with respect to the background spectra
around them. For some fluctuation measurements,
the optical thickness was too low to guarantee
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Figure 2: Time traces for plasma current I,, line averaged density 7.y, core temperature T,o and density
neo, NBI power absorbed by the bulk plasma Pxgi—>ie, Bior and energy confinement time 75 for the reference
discharge with § < 0 (a) and 6 > 0 (b). Highlighted are the time intervals over which correlation functions have
been computed.

Ip [kA] Zeff PNBI nom. [kW] PNBI eff. [kW] Pohm [kW] Ptot [kW] Hggyg Hggp
0 =-04 230 2.91 300 150 (25%) 205 395 0.90 0.83
0 =404 265 1.60 300 150 (25%) 310 460 0.55 0.31
0 =404 265 1.60 1000 260 (50%) 210 470 0.65 0.39

Table 1: Summary of plasma current, effective charge, nominal and effective ohmic and auxiliary power injected
in the positive and negative ¢ plasmas described in section 2.1 and the respective confinement enhancement
factors Hogyo and Hggp. The estimated uncertainties in the beam power deposition are presented in parenthesis.
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Figure 3: Profiles and normalized scale lenghts for electron density, electron temperature, ion temperature,
electron to ion temperature ratio and inverse effective collisionality. The profiles of the negatve § case (58499),
heated with 300 kW (blue), are compared with those of the positive § case (60797) heated with 300kW (red) and

1000 kW (green).

that the measured radiative temperature fluctuations
represented only electron temperature fluctuations.
The maximum impact of density fluctuations on
radiative temperature fluctuation measurements was
conservatively estimated, assuming perfect phasing
between density and temperature fluctuations [38,
12], between 3% and 22% depending on the plasma
conditions. For the negative and positive § discharges
described in section 2.1, density fluctuations were
estimated to account, at most, for ~ 5% and ~ 10%
respectively. In the following, only fluctuations of the
radiative temperature will be discussed.

The database of fluctuation measurements con-
tains a total of 1774 points, of which 1179 in positive §
discharges and 595 in negative ¢ ones. The local plasma
conditions at the measurement points cover the ranges
0.55 < pyo1 < 0.75, 0.1 < 1/ver < 2, 0.5 < T /T; < 5.
Here v is the effective collisionality, defined as the ra-
tio between the electron-ion collision rate and the elec-
tron curvature drift frequency. It is approximated as

Vet ~ 0.1RZegne /T2 (with T, in keV, n, in 10 m=3
and R in m) [6, 39]. The measurements of electron
temperature and density came from Thomson scatter-
ing [40], while Z.g was estimated as constant across
the profile. This estimation of Z.g is based on current
balance arguments and a neoclassic model [41, 42] that
is used to estimate the plasma resistivity, and conse-
quently Z.g, consistently with the ohmic current con-
tribution and the measured loop voltage Vj,p-

The parameter space covered is shown in figure 4
where each point represents the fluctuation measure-
ment of a single pair of channels in one stationary time
interval. In that figure the values of 1/veg, for different
values of T, /T; (both taken at the measurement points)
are plotted versus their radial location. The color of the
points is related to plasma triangularity while its hue
to the effective total power (Prcg + Py g1+ Pohm) ap-
plied in the specific discharge and time interval (color
online).

This database of measurements was used to in-
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Figure 4: Inverse effective collisionality 1/v.g for each fluctuation measurement included in the database, plotted
versus the radial location of the measurement. The different subfigures represent different windows of local T¢ /T;.
The shade of color is related to the total effective power in the discharge (Pgcu + Py + Pohm)-

vestigate the effects of collisionality and T, /T; on fluc-
tuations. Collisionality had already been observed to
influence the relative improvement of confinement ob-
served in negative with respect to positive triangularity
plasmas [6]. Moreover, collisionality is known to have
a stabilizing effect on trapped electron modes (TEMs)
[18]. The ratio T,/T;, on the other hand, constitutes
an important term in determining the relative strength
of the ion and electron instability drives.

Another topic of interest was the effect of
triangularity on the threshold for the onset of
fluctuations [43] and the dependence of the fluctuations
amplitude on the normalized temperature gradients
[20, 21, 44]. While in this study the local temperature
gradient was not tailored by varying the on- and off-
axis ECH power within a single discharge [43], the
variety of plasma discharges in the database allowed
the measurement of temperature fluctuations in pulses
with different normalized temperature scale lengths for
otherwise very similar plasma conditions. Temperature
fluctuation measurements were then used to investigate
the effects of triangularity on critical gradients and
stiffness.

3. Results
3.1. Confinement and fluctuations in matched positive
and negative & discharges

The left side of figure 3 shows the profiles of the
negative § pulse and those of the low power phase of the

positive ¢ pulse (both heated with Pyp; = 300 kW).
Even though the positive § plasma is subjected to ~100
kW more of effective heating than the negative § one
(~460 kW versus ~355 kW, see table 1), the latter still
presents higher electron and ion temperatures across
the whole profile, as was observed for ohmic plasmas
[13]. In both cases, ion heating successfully increases
the ion temperature to a point where T, /T; ~ 1 across
a large part of the radial profile, in contrast to previous
experiments in TCV [4, 5, 6, 9, 10, 11, 13].

In the high power phase of the positive § plasma
(Pypr = 1000 kW), whose profiles are shown in the
right side of figure 3, the electron and ion temperature
profiles are almost matched with that of the negative
0 plasma. This is despite the fact that the negative
0 plasma is effectively subjected to ~70% effective
heating power with respect to the high power positive
0 case.

The heat conductivity for ions and electrons in
the three phases discussed in section 2.1 is shown
in figure 5. There, ion heat conductivity (x;) is
substantially higher in positive with respect to negative
triangularity, for both NBI heating phases. The
difference between the two shapes is observed all the
way up to the plasma midradius, similarly to what was
observed in previous works [6].

The confinement enhancement for these discharges
was calculated as the ratio between the measured
confinement time and the confinement time calculated
using the ITERpggp(y,2) and the ITERgg_p scaling
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Figure 5: Electron and ion heat conductivity for the
three phases of positive and negative triangularity
discharges described in section 2.1.

laws [45, 46], obtaining 0.9, 0.55 and 0.65 and 0.83,
0.31, 0.39, in the two scalings, for the negative § plasma
and the low and high power phases of the positive ¢ one
respectively. These values are also reported in table 1.
These observations are very important, since they show
that negative triangularity could maintain its beneficial
effect on confinement also in plasmas closer to those
expected in a reactor-like machine, where ions and
electrons are thermalized.

Radiative temperature fluctuations were mea-
sured, for these plasmas, in the region 0.57 < pyo <
0.78, and the corresponding amplitudes are shown in
figure 6. The fluctuations in the negative § plasma
are extremely close to the noise level, while those in
the positive d plasma are well above it. The difference
is clear both in the relative and the absolute fluctua-
tion amplitude (figures 6a and 6b respectively). This
is similar to what was observed in positive and nega-
tive d ohmic discharges when the same horizontal line
of sight was used [36].

Besides injecting energy, the NBI is also a strong
source of momentum that drives plasma rotation. The
tangential NBI available to TCV, when used on axis,
mainly induces strong toroidal rotation. This can be
seen in figure 7a, where the toroidal angular velocity
(Q4or) profiles of the positive and negative J plasmas
are shown.

Due to the toroidal momentum, the measured
CECE spectra could, in principle, not reflect the actual
turbulence spectra. On one side this can be due to the
fact that the spectrum becomes dominated by Doppler
broadening. On the other hand, increased toroidal
velocity and changes to the pressure profile, could have

8

a suppressing effect on fluctuations through an increase
of the ExB shear (wg,p). The observed reduction of
fluctuation amplitude, then, could be due not to a
change in the turbulence characteristics of the plasma,
but to one, or both, of these effects. The ExB shear in
these discharges was estimated as [47, 48]:
rd |qFE
LL ek, (1)
qdr |r B
where r is the distance from the magnetic axis, ¢ the
local safety factor, and E,. the radial electric field. The
latter was calculated, for the carbon ions, as:

1 3])0

- - RQ orB ’ 2
" chc or K 0 ( )

WEzB =

where By is the poloidal magnetic field, Z¢c is the
charge state of carbon ions (Z¢ = 6) and p¢ is their
pressure. By decomposing the E, in its diamagnetic
and rotational components, it was possible to estimate
the relative impact of the two terms, and evaluate their
relative impact on wg,p. They are shown in figure
7b with dashed (diamagnetic) and full (rotational)
lines. As expected in L-mode plasmas with NB
heating, the rotational component is always larger than
the diamagnetic one. The confinement improvement
observed in negative triangularity does not appear to
increase the diamagnetic contribution. At the same
time, increased rotational contribution to wg,p can
be observed in the negative triangularity case with
respect to the two positive triangularity ones, for
the radial position where fluctuations were measured
(0.57 < pyor < 0.78). However it is important
to stress that these estimations are characterized by
large uncertainties (0, ,/WEzp ~ 0.5), so no clear
conclusions could be drawn from these results.

These experiments showed that, also in discharges
where T./T; ~ 1 across most of the radial profile,
and thus closer to reactor relevant regimes, negative
triangularity has beneficial effects on confinement and
suppresses fluctuations. In particular, the reduction
in fluctuation amplitude measured with the CECE is
consistent with recent observations on DIII-D, where
the same technique was applied to L-mode, limited
positive and negative § plasmas heated with both EC
and NB [30, 29]. It is important to highlight that other
factors that might have influenced the final transport
levels, such as the safety factor profile and elongation,
were remarkably similar in the two discharges discussed
here. In these experiments, however, it was not
possible to decouple ion heating from the injection
of toroidal momentum which could have a significant
effect on the resulting turbulence.
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3.2. Confinement improvement over a large
parameter space

Similar analyses were carried out on all the discharges
described in section 2.2.

For the pulses in this group in which NBI was
applied, the confinement time was compared with
that predicted by the ITERgg_p scaling law [46],
calculated taking into account the effective NBI power
transferred to the plasma.  Figure 8 shows the
confinement enhancement factor as a function of the
inverse volume averaged effective collisionality 1/ <
Veg > [6, 39] and T./T; at the plasma core. In this
figure each point represents the plasma conditions in
a stationary time interval for one of the database

discharges. Negative triangularity discharges are found
to generally present better confinement with respect
to positive triangularity ones, for similar plasma
conditions. Most interestingly, this includes plasmas
with high collisionality and low T, /T;, conditions that
could not be achieved on TCV before the installation
of the NBI. This database, though, does not contain
discharges with sufficiently high veg to probe the part
of the parameter space where the relative confinement
improvement in negative compared to positive §
discharges was found to be strongly reduced [6]
(l/eff7p=0_55 ~ 2, l/Veﬂ‘7p=0_55 ~ 05) It is important
to stress, however, that inductive plasmas in ITER are
designed to have vefr ,—055 ~ 0.25 or Vegs p—0.55 ~



0.05 in L-mode and H-mode respectively [49], well
inside the range where negative ¢ has the strongest
effects.

3.8. Effect of collisionality on fluctuations

The fluctuation measurements composing the database
have been plotted against the corresponding 1/veg in
figure 9, for all time intervals and discharges. Notice
that veg in this case is the local value of collisionality
at the measurement position while, in figure 8, only
the volume averaged value was considered.

For all veg values, at comparable radial positions,
fluctuations are higher in positive § than in negative
6 plasmas. In both shapes, fluctuation amplitude
decreases with increasing collisionality, with the
difference between positive and negative triangularity
reducing strongly for high v.g values. This result
is consistent with previous observations for density
fluctuations [9, 10] and with past calculations of
electron heat conductivity [6]. It is important to notice
that all fluctuation amplitudes below the diagnostic
sensitivity level (represented by the solid black line
in the plot) are characterized by relatively large
uncertainties and represent measurements in which
very little meaningful fluctuation was detected.

It is particularly interesting that also for plasmas
where T./T; < 1, obtained using NBI heating,
fluctuations are higher in positive § cases for a large
range of collisionalities. This is highlighted in figure 10,
where only measurements made in plasmas for which
(Te/T;)p=0 < 1.1 are shown. This is consistent with
what has already been discussed in section 3.1 and is
promising for the potential of a reactor-like tokamak
with negative 0.

The separate effect of effective charge on the mea-
sured fluctuation amplitude, for comparable collision-
ality, was also investigated. A strong fluctuation reduc-
tion in negative triangularity plasmas was still found
for similar values of Z.g and comparable collisionality,
suggesting the effect of impurities is weak compared
to that of shaping in these cases. This is shown in
figure 11, where the same data of figure 9, limited to
0.6 < p < 0.65, is plotted as a function of Z.g.

3.4. Effect of T./T; on fluctuations

Measurements assembled in this database also allowed
to observe the effects on the fluctuation amplitudes
of varying T,/T;, an important factor for determining
the drive of different turbulent modes. In figure 12
the same set of data as in figure 9 (limited to 0.65 <
Pvol < 0.7) is plotted directly against T /7T;. While a
positive correlation between 67, /T, and T./T; could
be deduced by some of the plots in figure 12, the
dependence is found to be mainly related to T, alone.
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This latter dependence is to be expected due to the
dependence of fluctuation amplitude on v.g illustrated
in figure 9 and the fact that veg oc 1/72. If that is taken
into account, the temperature ratio does not seem to
have a direct effect on fluctuations for the parameter
space studied in this database. No clear trend can be
identified.

Suppression of fluctuations in negative d plasmas
can still be observed across the whole range of T./T;
explored. Only in a few cases do the measurements
in positive and negative § show comparable levels
of fluctuations for similar T, /T;. It is not excluded
that T./T; could influence plasma fluctuations and
the relative confinement improvement in negative with
respect to positive triangularity pulses. The fact that
no direct effect of T./T; can be recognized may, in
fact, be due to the limited range of plasma parameters
covered by this database (e. g. too small range of
density), or to the limited sensitivity of the diagnostic
to small fluctuating structures.

3.5. Effect of pressure gradients on fluctuations

As already mentioned, it was suggested that negative
triangularity could act on the gradient threshold
necessary for the onset of turbulent modes [20]. To
evaluate this effect, the fluctuation amplitudes shown
in figure 12 are plotted in figure 13, as a function
of the local normalized electron temperature scale
length (L—i = ﬁ). There, it is possible to
observe how fluctuations in negative § discharges are,
in almost all cases, lower than in positive § ones
for comparable normalized gradients. In the first
two subfigures, in particular, the trend of increasing
fluctuation amplitude with increasing drive is visible
for both plasma shapes. This suggests that negative
triangularity could increase the gradient threshold for
the onset of turbulence, decrease the sensitivity of
fluctuation amplitude on the driving gradient, or a
combination of both these effects. This explanation is
similar to that proposed for the effects of triangularity
on the onset of turbulent heat flux [20]. To properly
test these hypotheses, though, dedicated experiments
with varying amounts of ECH power deposited inside
and outside the measurement location would be
necessary. This is however outside the scope of this
paper [43].

The depedence of fluctuations on R/Ly,, also an
important drive for TEMs, is shown in figure 14. It
was observed that, for higher values of collisionality,
R/L,. reduced the measured fluctuation amplitude,
for both positive and negative § plasmas. This is
an unexpected observation since a larger turbulence
drive should correspond to increased fluctuations.
Comparing these observations with those in figure 13,
it can be argued that, in these cases, R/Lr. is the
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dominating drive, as a much clearer effect can be seen
for the same conditions. No clear relation was instead
found between the measured fluctuations and R/Lr;
(not shown), suggesting that, for the largest part of the
explored parameters space, turbulence in these plasmas
was TEM.

4. Linear GENE simulations

In order to explain the observed effects of triangularity
on fluctuations, a comparison with turbulence models
is necessary. This would in principle require one to
carry out nonlinear (potentially global) simulations
trying to reproduce the transport and flucutations
levels. Such an exercise is particularly long and
expensive and remained outside the scope of this
paper. Here only the results of linear, flux tube

simulations are discussed, with the aim of comparing
the effects of negative triangularity in ohmic and NB
heated plasmas. The main goal was to determine
the dominant turbulence regime for discharges with
comparable electron and ion heating, reaching low
T./T;, such as those presented in section 2.1, and verify
if gyrokinetic simulations found negative § to have a
stabilizing effect also in these cases.

4.1. Methods

A series of linear, flux-tube gyrokinetic simulations
was run using the Eulerian code GENE. Details about
the code, together with the definition of the main
quantities used in this section, can be found in [16][17].
In these simulations, the input equilibria and pressure
profiles were derived from experimental measurements
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taken in two different pairs of positive and negative §
discharges: one NBI heated and one ohmic pair, with
much lower ion drives.

The discharges discussed in section 2.1 constituted
the reference pair of NBI heated plasmas whose profiles
and equilibria were used in the simulations.

A pair of ohmic discharges with symmetric
equilibria, comparable density and similar safety factor
profiles was developed. Their main parameters were:
plasma current I, =215 kA (6 < 0) and I, =235 kA
(§ > 0), line averaged density neay =1.9x101% m=3
elongation k = 1.4 and dg95 = —0.4 and +0.4. The two
plasmas presented comparable density profiles, while
the electron temperature in the negative ¢ discharge
was ~1.3 times that in the positive § discharge, despite
the total ohmic power being ~210 and ~290 kW for the
negative and positive ¢ discharges respectively.

For all discharges, the electron temperature
and density profiles were fitted starting from the
measurements collected by the Thomson scattering
diagnostic [40]. The density and temperature profiles
of carbon, considered to be the main impurity in
TCV, were obtained by fitting the measurements of
the CXRS [50], and the same temperature profile
was assumed for carbon and deuterium. The density
profile of deuterium was determined imposing charge
neutrality, considering carbon to be the only impurity.

For each of the two pairs of discharges, a first set of
simulations was run using as input both the magnetic
equilibrium and the profiles of the negative ¢ discharge.
A second set used instead the magnetic equilibrium
of the positive § plasma, keeping the remaining
parameters unchanged. Fach set of simulations
consisted in the calculation of the frequency and
growth rates for the most unstable modes at different
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wavenumbers and for different radial positions. The
wavenumber scan covered 0.2< kypy <2.

The simulations included the effects of collisions
and electromagnetic effects, and considered three fully
kinetic species: deuterium and carbon ions, and
electrons. A summary of the input parameters for the
simulations in the different cases is shown in tables 2.

Keeping the kinetic profiles constant and swapping
the positive and negative § equilibria [19, 20| clearly
highlights the effects of triangularity, but it is not
ideal. It can, in fact, hide the effects that varying
triangularity has on other plasma parameters, which,
in turn, influence the unstable modes. On the other
side, using the experimental profiles as inputs for the
simulations would require an analysis of the sensitivity
of the simulations to the uncertainties in the inputs,
which is outside the scope of this work. A discussion
of non-linear gyrokinetic simulations results, using
the experimental profiles for the plasmas described in
section 2.1, can be found in another work [51].

4.2. Results

The results of the simulations on the ohmic discharges
are displayed in figure 15 where the linear growth
rate 7 and frequency w of the most unstable mode
are shown for wavenumbers kyp, < 2. All quantities
are represented in physical units. At all three radii,
unstable modes are observed to propagate almost
exclusively in the electron diamagnetic direction (w <
0, also highlighted with full markers in the graphs)
allowing their identification as TEM for low kyps <
1. This situation is very similar to what was
observed in past works for gyrokinetic simulations run
using the profiles of EC heated positive and negative
triangularity plasmas. In fact, also in those cases, the
unstable modes were found to be TEM dominated for
all wavenumbers [19, 21].

In simulations run with negative § equilibria, the
linear growth rate for the most unstable mode is
found to be smaller than in simulations where the
positive § equilibrium was used. This effect is observed
particularly for low wavenumbers (kyps < 1) and for
radial positions closer to the plasma edge, where, for
selected wavenumbers, v is up to 50% lower in the
negative triangularity case.

The results for the NBI heated discharges are
shown in similar plots in figure 16. The main difference
in inputs between these simulations and the one
performed using the profiles of ohmic discharges is
T./T; < 1 (see table 2). Also in these simulations,
negative triangularity was found to have a stabilizing
effect on the most unstable modes at low wavenumbers
(kyps < 1).

At all radial positions, some of these modes
show positive frequencies, which, normally, would
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be associated to ITG. In these cases, though,
the identification of the nature of these modes is
complicated by the fact that the quasilinear fluxes
resulting from the simulations show the electron
contribution to be dominant. Non linear simulations
are necessary to fully understand the nature of these
modes. The only exceptions are the modes found
for low wavenumber at po 0.8 for positive
triangularity, which can be unambiguously identified
as I'TGs. Interestingly, negative triangularity retains a
stabilizing effect on growth rates also in these cases.
Besides the variation in the linear growth rate
of the most unstable modes, another way in which
triangularity could affect the saturated turbulence
regime is through changes in the E x B shearing rate

(wpxp). As already mentioned in section 3.1, wgxp
contributes to the suppression of turbulent eddies [52].
The E x B shearing rates associated to toroidal flows
were estimated with the definition used by GENE:

o0
pl;or ap;ﬁor7 (3)
or

where q is the safety factor and ., is the toroidal
angular velocity. The latter is calculated dividing
the toroidal velocity, measured by the CXRS [50], by
the radial positions of the measurement points. The
toroidal angular velocity was considered to be a flux
surface quantity. The calculated values of wgpxp are
shown as solid horizontal lines, in the v plots of figures
15 and 16, for the ohmic and NBI heated discharges
respectively.

WExB = —



0.65 <p < 0.7

0<1/ v_.,<0.35 0.35<1/ v __,<0.7
eff eff

12 12 |
i
b 4 b x“
. Pl o] ek
E os S Bosg RN
% % 51 x
- 0.6 * %“ 1 — 0.6 Kewd I‘i
) ° < o
04 t o c%i 1 04 t %"’ 'Y
0.2 —ﬁk 02 f =
0 ol— ‘
10 15 20 10 15 20
RIL RIL

14

6<0 6>0
0.7<1/ - <30 ]
. . 1.1 11
1.2 B 1
1 xx !} 0.9 09 g
o ‘i A
|: 08 ; 0% 0.8 08 T
“o06 B ° T E
o
: ? 0.6 0.6 -
0.4
{ 0.5 0.5
0.2 0.4 0.4
0
10 15 20 ;e
R/LT 0.2 0.2
e

Figure 13: Relative T, fluctuations (in %) in positive and negative triangularity as a function of R/Ly, for all
radial positions. All the points in these plots correspond to points shown in figure 9.
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In the ohmic cases, the estimated Qg is low
with respect to the linear growth rate of the most
unstable modes and is thus expected not to strongly
affect microinstabilities. In the NBI discharges,
instead, the two frequencies are found to be of
comparable magnitude. This suggests that the £ x B
shearing rate could play an important role in the final
saturated state of the turbulence when NB heating is
applied. To properly investigate these effects, though,
a series of non linear simulations is necessary.

While for both sets of discharges a small difference
can be observed in wg« g between positive and negative
§ at comparable radii, this is too small with respect to
the estimated uncertainties (o,,,, 5, /WExs ~ 0.5) to be
uniquely attributed to an effect of shaping.

Linear simulations were also used to investigate
the effect of negative triangularity on the threshold

gradient necessary for destabilizing modes. Starting
from the equilibria and profiles of the NB heated
discharges described above, for kyps = 04, R/Ly,
was lowered until no mode was excited. As it is
shown in figure 17, modes become stable in negative
trinagularity at higher R/Ly_. with respect to positive
triangularity. This is qualitatively consistent with the
results of previous non-linear simulations [20] and with
the database of measurements showed in figure 13. The
positive v observed for R/Ly, ~ 0 is due to the finite
value of R/L,, .

In conclusion, these simulations show that
negative triangularity influences the microinstabilities
that are driven in tokamak plasmas, resulting in
more stable modes. The effect is strongest for
low wavenumbers, which are normally associated
with larger contributions to overall particle and



Ptor =0.55
¢ | & | 6 | o/R | T./T, | R/L, | B/Lz, | R/Lzy, | vei-cs/R| B
Ohmic, § >0 | 1.43 | 1.05 | 0.14 | 0.344 | 1.43 4.48 10.85 5.78 0.56 0.0027
Ohmic, 6 <0 | 1.32 | 1.03 | -0.15 | 0.324 | 1.43 4.48 10.85 5.78 0.56 0.0027
NBIL § >0 1.26 | 1.04 | 0.13 | 0.338 | 0.76 6.16 6.87 5.49 0.73 0.0033
NBL §<0 | 1.39 | 093 | -0.13 | 0.326 | 0.76 | 6.38 | 7.12 | 5.69 0.74 | 0.0036
Do —0.685
¢ | & | 6 | o/R | T.JT, | R/L, | R/Lr. | R/Lr, | vei-cs/R| B
Ohmic, 6 >0 | 1.90 | 1.61 | 0.20 | 0.344 | 1.15 5.27 11.54 7.25 1.13 0.0013
Ohmic, 6 <0 | 1.74 | 1.51 | -0.21 | 0.324 | 1.15 5.27 11.54 7.25 1.13 0.0013
NBI, 6§ >0 1.67 | 223 | 0.18 | 0.338 | 0.49 | 10.69 | 13.82 6.17 1.58 0.0013
NBI, 6 <0 1.79 | 1.39 | -0.18 | 0.326 | 0.56 11.08 | 14.32 6.39 1.64 0.0014
Ptor :08
¢ | & | & | o/R | T.JT, | R/L, | R/Lr, | R/Lr, | vei-cs/R| B
Ohmic, 6§ >0 | 2.57 | 2.32 | 0.27 | 0.344 | 1.00 9.36 12.24 6.69 3.35 0.0004
Ohmic, § <0 | 2.28 | 1.98 | -0.29 | 0.324 | 1.00 9.36 12.24 6.69 3.35 0.0004
NBI, 6 > 0 2.26 | 2.23 | 0.25 | 0.338 | 0.49 3.84 8.14 5.96 2.43 0.0007
NBI, 6 <0 229 | 1.85 | -0.24 | 0.326 | 0.49 3.97 8.44 6.18 2.46 0.0007

15

Table 2: Parameters used in the GENE simulations for the different shapes, plasma conditions and radial position.

The quantities are defined in the main text.
3

heat transport. The results of these simulations
are consistent with the experimental observations
discussed in section 3.1 and a series of past works
[11, 9, 13]. In particular, this effect was observed not
to be limited just to mainly electron driven discharges,
where T, /T; > 1 as in the past [19, 20]. The same effect
was observed also when using profiles and equilibria of
discharges with comparable electron and ion heating,
higher ion gradients and T,/T; < 1. This is closer to
what is expected to happen in future, larger machines.
The increased toroidal rotation observed in the NB
heated discharges is found to potentially generate a
high enough wgy«p to influence the saturated state of
turbulence, but no clear evidence of an effect of § on
wexp could be observed. These effects should be the
subject of further studies, including both experiments
and non-linear gyrokinetic simulations, in order to fully
understand their relevance in turbulence suppression.

5. Conclusions

The effects of negative triangularity on confinement
and electron temperature fluctuations were studied
in plasmas covering a large parameter space in
collisionality and T, /T;. This work included ion heated
discharges, previously not explored in TCV.
Confinement was found to be improved and
fluctuations reduced in negative triangularity plasmas,
for all combinations of explored parameters. This held
true also at low collisionality and low T, /T;, a situation

closer to those expected in a reactor-like tokamak. In
particular two NB heated discharges with symmetric
shapes and comparable pressure profiles were obtained
applying ~ 0.7 times the total heating power in the
negative § case (355 kW) with respect to the positive
d one (470 kW).

Collisionality was observed to have a suppressing
effect on fluctuations, with smaller differences between
fluctuations in positive and negative & found for
increasing veg, consistently with past observations
[6, 9, 10]. It is important to highlight that the range
of collisionality and T./T; predicted for ITER [49]
is fully inside the parameter space where negative
triangularity was observed to have strong effects.

Fluctuations in negative & discharges were also
found to be of lower amplitude than in positive o
ones, for similar temperature and density scale lengths
(R/Lte, R/Lyne), at the same radial position and
for comparable plasma conditions. This supports
the argument that negative triangularity affects
the onset mechanism of fluctuations, increasing the
critical gradients beyond which microinstabilities are
triggered, as was already suggested by past numerical
simulation results [20].

Linear, flux-tube GENE simulations, run using
the experimental profiles and equilibria of a pair
of matched NB heated plasmas, found negative
triangularity to have a stabilizing effect on the most
unstable linear modes, especially for kyp, < 1,
also in the presence of higher ion gradients and
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Figure 15: Results of the simulations for input

equilibria and profiles corresponding to the ohmic
plasmas. Linear growth rate (y) and frequency (w) of
the most unstable mode for each wavenumber at three
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Full markers correspond to modes that propagate in
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equilibria and profiles corresponding to the NBI heated
plasmas. Linear growth rate (y) and frequency (w)
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the 0.2 < kyps < 2 range. The solid lines correspond
to the estimated level of £ x B shearing for the two
discharges.



Figure 17: Normalized growth rates of the most
unstable modes for kyp, = 0.4 with varying R/Lyp.
for parameters corresponding to NB heated plasmas.
The critical gradient for exciting modes was found to
be higher for negative 4.

T./T; < 1. The observed differences in wgxp between
positive and negative triangularity plasmas are too
small with respect to the uncertainty related to their
estimation to draw any reliable conclusion on a direct
effect of negative triangularity. Linear simulations
also supported the existence of an increased critical
gradient for the omnset of fluctuations in negative
triangularity plasmas.

All together, these experiments and simulations
point towards negative triangularity having a beneficial
effect on confinement also in situations where ion
driven turbulence becomes relevant, and thus closer to
the operating space of future reactor-like machines.

The results found in this work are consistent with
those found in DIII-D where a strong improvement in
confinement was also observed for limited negative ¢
plasmas, subject to electron and ion heating. Also
in that case, confinement was found to largely exceed
the expectations for L-mode discharges, reaching up to
levels comparable with positive 6 H-mode plasmas.

More work is necessary to fully understand the
effects of negative triangularity on fluctuations and
the potential for a reactor-like negative § tokamak.
In this work, the effect of negative triangularity on
plasma rotation could not be decoupled from that of
ion heating. With the next upgrade phases planned
in TCV, a second NBI will be installed, facing in
the opposite direction as the one currently available.
This setup will be used in the future to probe
separately the effects of rotation and ion heating as
was done on DIII-D [53] and Alcator C-mod [54].
The possibility of controlling the variation of toroidal
momentum injected by the beam could also allow
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further understanding of the effects of shaping on wgyp.

A series of non-linear gyrokinetic simulations
should be used to study the saturated turbulence in
the mixed turbulence regime as was done for the pure
TEM cases [19]. Furthermore, global simulations may
be necessary to clarify the impact of non-local effects
on the final heat transport profile [21]. The results of
these simulations could be processed with a synthetic
diagnostic for the CECE diagnostic [55] and compared
with the experimental measurements.

Finally, to further approach the working condi-
tions of future reactors, new experiments are forseen
to test diverted configurations, with strike points re-
siding both on the HFS and LFS.
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