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Abstract

Efficient control of turbulent heat transport is crucial for magnetic confinement fusion reactors.
This work discusses the complex interplay between density gradients and microinstabilities,
shedding light on their impact on turbulent heat transport in different fusion devices. In
particular, the influence of density gradients on turbulent heat transport is investigated through
an extensive inter-machine study, including various stellarators such as W7-X, LHD, TJ-II and
NCSX, along with the Asdex Upgrade tokamak (AUG) and the tokamak geometry of the
Cyclone Base Case (CBC). Linear and nonlinear simulations are performed employing the

Of -gyrokinetic code stella across a wide range of parameters to explore the effects of density
gradients, temperature gradients, and kinetic electrons. A strong reduction in ion heat flux with
increasing density gradients is found in NCSX and W7-X due to the stabilization of
temperature-gradient-driven modes without significantly destabilizing density-gradient-driven
modes. In contrast, the tokamaks exhibit an increase in ion heat flux with density gradients.
Notably, the behavior of ion heat fluxes in stellarators does not align with that of linear growth
rates, if only the fastest-growing mode is taken into account. Additionally, this study provides
physical insights into the microinstabilities, emphasizing the dominance of
trapped-electron-modes (TEMs) in CBC, AUG, TJ-1I, LHD and NCSX, while both the TEM
and the passing-particle-driven universal instability contribute significantly in W7-X.
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1. Introduction

To achieve net energy in magnetic confinement fusion react-
ors, it is important to understand, predict and to some extent
control heat transport, and in particular transport caused by
turbulence. Experimental observations in both tokamaks [1—
6] and stellarators [7-10] indicate that peaked density pro-
files result in a reduction of turbulent heat transport. This
reduction is believed to be related to the stabilization of
the ion-temperature-gradient (ITG) and electron-temperature-
gradient (ETG) driven modes by large density gradients.
However, an increasing density gradient eventually destabil-
izes density-gradient-driven modes such as trapped-electron-
modes (TEM). Hence, the question arises whether there exists
a specific range of density gradients wherein temperature-
gradient-driven modes are stabilized, without significantly
destabilizing the density-gradient-driven modes.

In tokamaks, TEMs are particularly problematic because
the majority of the trapped electrons are located in the bad
curvature region on the low field side of the device. To explain
the observed high-confinement phases in pellet-enhanced per-
formance (PEP) discharges, it is not sufficient to consider
density peaking alone. Additional mechanisms that can mit-
igate turbulence must also be taken into account, such as
E x B shearing, reversed magnetic shear due to large bootstrap
current, and high-collisionality which can detrap electrons
[11-15]. In contrast, in stellarators, the bulk of trapped elec-
trons may be separated from the bad curvature regions, which
reduces the impact of TEMs. Additionally, configurations
approaching the maximum-J property have been shown to
have reduced TEM turbulence [16—-19]. As a result, the clas-
sical electron-driven TEM may be significantly less detri-
mental in stellarators, with other instabilities driven by dens-
ity gradients, such as ion-driven TEMs (iTEM) and universal
instabilities, playing a more prominent role. Moreover, turbu-
lence in stellarators has been shown to be reduced by ambi-
polar electric fields [20, 21], E x B shearing, zonal flow shear-
ing, energy cascades to dissipative scales [22-25] and energy
transfer through damped modes [26, 27].

In this work, the effect of the density gradient on turbu-
lent heat transport is isolated to explore how density peaking
influences turbulent heat transport and how this impact varies
across different magnetic configurations. The ¢ f-gyrokinetic
code stella [28] is used to carry out a comprehensive
comparative study of different devices, including different
families of stellarators, specifically, the Wendelstein 7-X (W7-
X) stellarator, the Large Helical Device (LHD), the TIJ-II
stellarator and the National Compact Stellarator Experiment
(NCSX), which represent helias, heliotron, heliac and quasi-
axisymmetric configurations, respectively. Additionally, the
Axially Symmetric Divertor Experiment or ASDEX Upgrade
(AUG) tokamak and the tokamak geometry of the Cyclone
Base Case (CBC) [29] are included for comparison.

Previous cross-device comparisons of the effect of the dens-
ity gradient were limited to linear results [30, 31], or only con-
sider a few points in parameter space for nonlinear simulations

[17-20, 23, 25, 27]. Specifically, it has been shown that W7-
X benefits from reduced ITG turbulence and low TEM-driven
transport in the presence of a density gradient [18, 19], how-
ever, the influence of the electron temperature gradient was
neglected in [18]. On the other hand, the heat transport has
been investigated before and after the injection of cryogenic
hydrogen pellets in a W7-X discharge, where it is argued that
adecrease of turbulence in the presence of peaked density pro-
files is either due to a transition from ITG to iTEM-driven
turbulence [20], or due to a more efficient zonal-flow stabil-
ization in the post-pellet phase [25]. In contrast to previous
studies, this work includes both linear and nonlinear results
across a broad range of parameters, examining the impact of
electrons with and without a temperature gradient, as well as
analyzing the velocity dependence of the turbulent component
of the distribution function, to investigate the impact of density
peaking on turbulence.

The paper is divided into the following sections. First,
the simulation domain and the coordinates employed by the
gyrokinetic code stella are explained in section 2. Next,
section 3 introduces and analyzes the different magnetic con-
figurations, and in section 4 the localization of the microin-
stabilities is inferred from the regions of bad curvature and
magnetic wells. In section 5 a comprehensive linear stabil-
ity analysis of the six considered devices is carried out. The
growth rates and frequencies of the microinstabilities are dis-
cussed in section 5.1, for specific values of the profile gradients
and considering a wide range of radial and binormal wavenum-
bers. Section 5.2 explores the evolution of the instabilities with
increasing density gradients, revealing that the most unstable
mode transitions continuously from an ITG driven mode to a
predominantly density-gradient-driven mode in CBC, AUG,
TJ-II and LHD. In contrast, NCSX and W7-X display distinct
frequency branches, indicating that different microinstabilities
can be distinguished from one another. In section 5.3 the most
unstable mode for the considered binormal wavenumbers is
identified, showing that the linear growth rates of the fastest-
growing modes increase with the density gradient in CBC,
AUG, TJ-II and LHD—and to a lesser extent in NCSX—
whereas a modest reduction of the growth rates is found for
a small range of density gradients in W7-X. The contributions
of the specific plasma gradients are isolated in section 5.4,
which reveals thatin NCSX and W7-X there is arange of dens-
ity gradients for which the ITG-driven modes are stabilized,
without driving the density-gradient-driven modes particularly
unstable yet. To conclude the linear analysis, in section 5.5 the
ion temperature and density gradient are scanned across a wide
range of parameters.

Section 6 is the most important part of this paper, as it
investigates the effect of the density gradient on the turbu-
lent heat transport by means of nonlinear gyrokinetic simu-
lations. Section 6.1 highlights the distinct behaviors of the
ion heat flux in different devices. Specifically, in the toka-
maks, the ion heat flux increases strongly with the density
gradient, whereas in LHD it remains largely unaffected, and
in TJ-II a substantial reduction of the ion heat flux occurs
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for small density gradients. In contrast, both NCSX and W7-
X exhibit a strong reduction of the ion heat flux across
a wide range of density gradients, due to the stabilization
of temperature-gradient-driven modes, without significantly
destabilizing density-gradient-driven modes, as demonstrated
in section 6.2. The influence of a finite electron temperature
gradient is discussed in section 6.3. It is worth noting that
in stellarators the ion heat flux shows no correlation with the
growth rates of the fastest-growing modes obtained from the
linear analysis. Finally, the distribution function is examined
in detail in section 6.4 to characterize the microinstabilities
that are driving the turbulence, by means of novel diagnostics
developed in stella. Specifically, the velocity dependence of
the perturbed distribution function is examined to quantify the
importance of the ion and electron dynamics, and to determ-
ine whether the turbulence is primarily driven by the trapped
or passing electrons. It is found that at high density gradi-
ents, TEMs predominately drive the heat transport in CBC,
AUG, TJ-II, LHD and NCSX, whereas in W7-X, the passing-
particle-driven universal instability contributes significantly to
the turbulence.

2. Gyrokinetic code stella and coordinates

The flux-tube § f~gyrokinetic code stella [28] is employed,
which has been extensively benchmarked for W7-X geometry
[32]. Moreover, stella has been applied to the study of tur-
bulent particle fluxes [33, 34] and turbulent impurity transport
[35-37]. The code evolves electrostatic fluctuations by solving
the nonlinear Vlasov and quasi-neutrality equations in five-
dimensional phase space. We refer the reader to [28, 32] for
a detailed overview of the equations solved by stella and to
[32] for the explanation of the notation and conventions that
we follow here. The magnetic field is written in Clebsch form
[38] as B = (dyx/dr) V r x V a, with r=a+/¥¢/91crs
flux surface label, which is taken to be the effective minor
radius coordinate (gray contours in figure 1), and « =6 — 1 a
field line label (green lines in figure 1). Here 1/ is the toroidal
flux divided by 2, 9 1 cFs is the value of ) at the last closed
flux surface, a is the minor radius, ¢(r) is the rotational trans-
form, and ((,6) are straight-field line coordinates, which are
chosen to be the cylindrical toroidal angle ¢ and the poloidal
PEST coordinate 6 [39]. The simulation domain is restricted to
a flux tube (blue box in figure 1), surrounding a chosen mag-
netic field line «y (red curve in figure 1). Since (r, @) are field-
aligned coordinates, the cross-section of the flux tube is twis-
ted into a parallelogram by the local magnetic shear as one
moves along the field line. Note that the cross-section is taken
to be rectangular at the center of the flux tube.

The phase-space coordinates employed by stella are
denoted by {x,y,z,v, u}, with {x,y,z} a left-handed coordin-
ate system. The local coordinates perpendicular to the mag-
netic field lines are defined as x=r—ry and y=ro(a—
ap). The index ‘0’ refers to quantities that are evaluated
on the chosen magnetic field line. The parallel coordinate

Figure 1. Half a period of the Wendelstein 7-X stellarator depicting
the coordinates used in stella. The last closed flux surface and the
flux surface located at /a = 0.5 are shown, highlighting two field
lines in green. The flux tube surrounding the ap = 0 field line
(passing through 6 =0 and ¢ =0) at r/a = 0.5 is shown in blue,
extending a quarter of a period.

z measures distances along the field line, hence 6 or (
can be used, and it is normalized to [—m,7|. The velocity
coordinates consist of the parallel velocity v and the mag-
netic moment p =17 /2B, with v, the perpendicular velo-
city and B the magnetic field strength. The turbulent dis-
tribution function g; and the perturbed electrostatic poten-
tial ¢ are Fourier transformed with respect to the perpendic-
ular (x,y)-coordinates. The dimensions (L,L,) of the flux-
tube cross-section define the wavenumbers that are included
in the simulations, i.e. k, = 2rm/L, and k, = 2w n/L,, where
m € 7Z and n € Z are integers. Note that negative k, values
are omitted as they can be recovered using the reality condi-
tion @ (ky, ky,z) = ¢* (—ky, —ky,z), with ¢f the complex con-
jugate of @y, and the hat denotes the Fourier coefficients
of ©.

The perpendicular coordinates are normalized with respect
to the gyroradius (or Larmor radius) p; = v i/€% of the ion
species, which are taken to be hydrogen nuclei in this work.
Here vy ; = /2Ti/m; is the reference thermal velocity, (; =
eBiet/m; is the reference gyrofrequency, Brer = 2 |ty LcFs|/a®
is the reference magnetic field, 7; is the temperature and m; is
the mass of the hydrogen nuclei. The parallel coordinate is nor-
malized with respect to the minor radius @ and the velocities
are normalized with respect to the reference thermal velocity
v,i- The simulations presented in this paper are electrostatic,
collisionless, consider ion-Larmor scales and include both
kinetic hydrogen nuclei and electrons, with equal densities
(n; = ne) and temperatures (7; = T,). Moreover, the ion and
electron density gradients are assumed to be equal (a/L, =
a/L,,) with a/ L, = —(a/ny) dns/dr the normalized density
gradient.
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(a) CBC

(d) W7-X

(¢) LHD (f) TJ-II

Figure 2. Magnetic field strength—minimum is blue, maximum is red—on the flux surface r/a = 0.7 for the six considered devices. The

same scale is used in order to compare the relative size of the reactors.

3. Magnetic configurations

To address the effect of the magnetic geometry on linear
growth rates and nonlinear heat transport, this study incor-
porates the tokamak geometry of the CBC, which has been
used extensively to benchmark gyrokinetic codes [29], as well
as the AUG tokamak, constructed at IPP (Germany), which
commenced operations in 1991. On the other hand, the W7-X,
TJ-II, LHD and NCSX stellarators are included. Wendelstein
7-X is a low-shear five-field-period helias configuration, that
has been in operation at IPP (Germany) since 2015, for which
the standard EIM configuration [40] is used. Another low-
shear device is the four-field-period heliac configuration TJ-II,
which has been in operation since 1997 at CIEMAT (Spain).
The standard configuration (100_44_64) is considered. NIFS
(Japan) houses the LHD, a ten-field-period heliotron configur-
ation, generating plasmas since 1998, for which the standard
configuration with a major radius of Ry = 3.73 is used. Lastly,
NCSX is a three-field-period quasi-symmetric stellarator, in
particular featuring toroidal quasi-symmetry, also known as
quasi-axisymmetry, developed at PPPL (United States). The
magnetic configurations of AUG, TJ-II, LHD, NCSX and W7-
X are generated by the three-dimensional MHD equilibium
code VMEC [41], whereas the considered flux surface of CBC
is defined by a set of Miller parameters [42], explicitly given
in [28]. The configurations are taken to have 5 =0, with J the
ratio of the plasma pressure to the magnetic pressure.

In this work, a fixed ion temperature gradient of a/Ly, = 3.0
is considered, while exploring both vanishing (a/Ly, = 0.0)
and finite (a/Ly, = 3.0) electron temperature gradients. The
density gradient is varied across a broad range of paramet-
ers, ranging from a/L, = 0.0 to a/L, = 4.0. These paramet-
ers were chosen with the high-performance pellet-injection
discharges of W7-X in mind, which are characterized by
(a/L,=0.8 and a/Ly, =2.5) in the pre-pellet phase and
(a/L,=3.0 and a/Ly, =4.5) in the post-pellet phase at

r/a=0.63 [20, 25]. Given that each device operates under
different conditions, the considered gradients may be some-
what extreme for LHD and TJ-II. Nonetheless, examining the
impact of density peaking in these devices under such gradi-
ents is valuable, as they represent distinct stellarator designs
and they provide a clear contrast with the results from the
tokamak configurations. It is important to note that this paper
focuses on investigating the effects of density peaking on tur-
bulent transport across different reactor designs, rather than on
direct comparisons with experimental data.

The simulations are performed at the radial location r/a =
0.7, for which the flux surfaces are shown in figure 2. The
magnetic field strength is minimum (blue) on the outboard
side and maximum (red) on the inboard side of the tokamaks.
This trend does not necessarily hold in stellarators, where
a minimum of the magnetic field can also be found on the
inboard side, and vice versa. An overview of the geometric
characteristics of these flux surfaces is given in table 1. For
tokamaks, the strongest turbulence is expected to be found at
the outboard midplane, therefore gyrokinetic studies gener-
ally focus on the ap =0 field line centered at (6,¢) = (0,0),
which lays on the bean-shaped cross-section of W7-X (see
figure 1), and the outboard midplane of the tokamaks. Note
that the magnetic geometry and plasma parameters included
in the simulations depend solely on their values and radial
derivatives along the selected magnetic field line . Seeing
that each field line in a stellarator has a unique magnetic geo-
metry, different field lines will simulate different levels of
turbulence [32, 43]. Although in stellarators the turbulence
may be strongest elsewhere on the flux surface, this study is
limited to the o,y = O field line, since it is stellarator-symmetric
[44], allowing us to utilize the generalized twist-and-shift
boundary conditions [45], which are particularly advantage-
ous for low-shear devices such as TJ-II and W7-X. The flux
tube is extended up to three poloidal turns for linear simula-
tions, and up to approximately one poloidal turn for nonlinear
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Table 1. Geometric quantities at r/a = 0.7, with a the minor radius,
Ry the major radius, § = (r/q)(dg/dr) the shear, . = 1/q the
rotational transform and ¢ the safety factor. Ny is the number of field
periods of the device and N, is the length of the flux tube, given in
number of poloidal turns, considered in the nonlinear simulations
performed in section 6.

Device a(m) Ry (m) s L Nt Npol
CBC 1.00 2.78 0.796 0.714 1 1.00
AUG 0.63 1.62 1.587 0.744 1 1.00
NCSX 0.32 1.44 —0.703 0.541 3 0.95
TJ-II 0.19 1.50 —0.057 —1.592 4 1.19
W7-X 0.51 5.51 —0.127 0.894 5 1.11
LHD 0.60 3.73 —1.230 —0.628 10 1.00
o TJ-1

. 'l:\l&
0
hk‘i A

¢ 2n/30 ¢ 2m/40

¢ 2x/50 ¢ 2r/10

Figure 3. Coverage of the flux surface r/a = 0.7 by a field line that
extends up to one (black), two (red) and three (green) poloidal turns.
Only one field period is shown for each device.

simulations, where the exact length (see table 1) is chosen to
ensure that Ak, = Ak,. The resolutions used for the simula-
tions are given in appendix A, where the choices are justified
by performing rigorous convergence checks of the nonlinear
heat fluxes, for the different devices and gradients considered
in this work.

It is important to be aware of how densely the flux sur-
face is covered by the simulated field line, which is shown in
figure 3 for field lines extending up to one (black), two (red)
and three (green) poloidal turns, centered at (6,¢) = (0,0).
The tokamaks are not shown, since they are axisymmetric,
hence each poloidal turn is identical. Extending the field line
for more than one poloidal turn samples new areas of the flux
surface for W7-X. In contrast, for LHD, each additional turn
overlaps almost exactly with the previous turn due to the spe-
cific value of the rotational transform on the r/a =0.7 flux
surface. Therefore, extending the flux tube for multiple pol-
oidal turns does not necessarily cover additional area of the
flux surface. Nonetheless, it can be important to increase the
length of the flux tube to capture modes that extend beyond
the first poloidal turn of the device [46], or if the parallel
correlation length is longer than the length covered by one
poloidal turn [26, 47, 48]. In figures 8, 11 and 19 it can be
seen that the potential and heat fluxes diminish considerably
at the ends, indicating that a single poloidal turn should be
sufficient.

Figure 4. Geometric quantities along the chosen field line: (a)
magnetic field strength normalized to its maximum along the field
line, (b) magnitude of the perpendicular wavenumber for kyp; = 0.0
and kyp; = 1.0 (c) angle of the perpendicular cross-section

O,y = arccos(Vx- Vy)/(|Vx||Vy|) and (d) bad curvature regions
for ky = 0.0 defined as K, > 0 with Ky = (¢’B,/B*)B x VB- Vy.
The markers represent the parallel grid points used in the nonlinear
simulations.

4. Localization of microinstabilities

The background density and temperature gradients can drive
a large number of microinstabilities in fusion plasmas.
Specifically, the ion-scale heat transport is predominately
attributed to turbulence excited by ITG-driven and TEM
instabilities. These instabilities are destabilized or stabilized
along the magnetic field lines depending on geometric char-
acteristics such as magnetic wells (B), curvature and magnetic
field inhomogeneity (KX,) and shear (whose effects are seen in
|Vy| and O,,). These characteristics, illustrated in figure 4 for
the field lines considered in the nonlinear simulations, are dis-
cussed in the following paragraphs.

The magnetic shear, which gives a measure of how the
rotational transform (or field line pitch) changes across neigh-
boring flux surfaces, can have a stabilizing effect on the
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9 kip; at 8 =0° kip; at 8 = 90°
1 /) 10
0 / 0
-2 -1 0 1 2-2 -1 0 1 2

k

Figure 5. Magnitude of the perpendicular wavenumber in W7-X for
the ap =0 field line centered at (0, ¢) = (0,0) at the parallel
location 8 = 0° (left) and 6 = 90° (right).

(3

kyp

instabilities. Since field-aligned coordinates are employed, the
cross-section of the flux tube is twisted into a parallelogram as
one moves along the field line, as a result of the local mag-
netic shear, which is illustrated in figure 1. The angle O,,
between Vx and Vy is depicted in figure 4(c). In regions
where the local magnetic shear is large, the cross-section,
and thus the turbulent eddies, become very twisted and are
subsequently suppressed through finite-Larmor-radius (FLR)
effects. The FLR-effect is enforced via the zeroth order Bessel
function of the first kind, Jy(k, ps), appearing in the gyrokin-
etic equation as a result of averaging out the gyrophase [49].
Here, k| = kVx+k/Vy is the perpendicular wavevector
and ky = (k2|Vx|* + 2k, V- Vy+ k2| Vy[?)!/? is its mag-
nitude. The Jy(k) ps)-term damps small-scale fluctuations
since Jo(kips) — 0 for kyp; > 1, while large-scale fluc-
tuations remain undamped. Therefore, an instability with
wavenumbers (k,,k,) is typically localized in regions along
the field line where k| ps(lzx,l}y,z) is minimum. Vice versa,
if the strongest instability drives are found at a certain loc-
ation z, then the most unstable mode, is most likely the
(ky, ky)-mode that minimizes k| p;(ky,ky,Z), which lies inside
the inner contours shown in figure 5. Note that the FLR-
damping is much stronger for ions than for electrons since
pi = \/me/m; pe. Seeing that the center of the field line is typ-
ically chosen to have the largest instability drives, and the
cross-section is taken to be rectangular in this location, the
most unstable modes are generally found along k, =0 (see
sections 5.1 and 6.1), because k, = 0 minimizes k| p,(ky, ky,2)
if V x- V y =0. This is illustrated on the left side of figure 5.
Moreover, the modes with k, = 0 are confined to the center
of the field line in high-shear devices. For these modes the
perpendicular wavenumber reduces to |k, V y| = |k,(roV 6 —
rotV ¢ — 8¢V x)| (figure 4(b)) which increases as one moves
away from ¢ = 0. As a result, the FLR-effect confines instabil-
ities with k, = 0 to the center of the field line if the global mag-
netic shear § (table 1) is large. On the other hand, modes with a
finite radial wavenumber k, # 0 typically have a minimum in
ki ps(lzx,icy,z) further along the field line, hence these modes
most likely peak away from ¢ = 0. Therefore, it is important to
include a wide range of radial wavenumbers in order to capture
modes which are not excited at the center of the field line.
Besides the effects of the local and global magnetic shear,
the magnetic wells, as well as the curvature and the inhomo-
geneity of the magnetic field, also play an important role on

the localization of the instabilities. In particular, toroidal ITG
modes [50] are localized in regions of bad (destabilizing)
curvature, for which k, 77 /¢/(Bx V B) -k >0 with T} =
dT;/dr < 0 since we only consider peaked temperature profiles
and ¢, = di),/dr < 0 in the configurations considered in this
work. The most unstable modes typically have k, = 0 (but not
always, as we will see in section 5.1) for which the condition
of bad curvature reduces to (B x V B) - Vy > 0. For simpli-
city, we define K, = (¢’B,/B*) (B x V B) - Vy, and the cor-
responding areas of bad curvature, where KC, > 0, are high-
lighted in figure 4(d) along the chosen magnetic field lines.
Similar to ITG modes, which are destabilized by local bad
curvature, TEMs [16] are driven unstable by the bounce-
averaged bad curvature, which is the bad curvature that a
particle trapped in a magnetic well experiences between two
consecutive bounce points. Moreover, TEMs reside in regions
where electrons are trapped, which is inside the magnetic wells
shown in figure 4(a). Both the TEM and ITG mode can thus
be stabilized by reducing the magnitude of the bad curvature
and by reducing the connection length between regions of
good and bad curvature. Moreover, the separation of regions
of trapping and bad curvature has a stabilizing effect on
TEMs.

Figure 6 shows the regions of particle trapping (black-
red lines) and bad curvature (orange shaded areas) along the
chosen magnetic field lines, for modes with k, = 0, in order to
discuss their overlap. Specifically, for CBC, TJ-II and NCSX,
the location with the deepest magnetic well has the most pro-
nounced bad curvature. On the other hand, in AUG and LHD
these locations do not coincide. Here, the most pronounced
bad curvature is found further along the field line, for ¢ £ 0,
because of the tS¢'V x term inside K. Finally, in W7-X, the
central well of the chosen field line corresponds to the most
pronounced bad curvature, while the deepest wells are found
at z==41.41 (and z = £2.51) where the curvature is compar-
able to the center. Since bad curvature (K, >0) is destabiliz-
ing and good curvature (K, < 0) is stabilizing, it is important
to quantify the amount of bad curvature that occurs along the
field line for ITGs, while the amount of bad curvature inside
the magnetic wells is decisive for TEMs. It can be seen that
the field lines of the tokamaks consist almost entirely of bad
curvature, since § = 0.8 in CBC and s = 1.6 in AUG, which
increases the region of bad curvature through the (5¢V x term
in Ky, whereas the bad curvature region would be confined to
the outboard side (6 € [—90°,90°]) if § = 0. When § < 0, the
bad curvature region is reduced, which has been shown to lead
to a decrease in turbulence in tokamaks [11, 12]. In contrast,
only 30%-50% of the field lines in the stellarators are covered
by bad curvature. In particular, in NCSX and W7-X the mag-
netic wells have a considerable amount of good curvature,
while in TJ-II the majority of its large magnetic well has bad
curvature. Finally, in LHD the two inner magnetic wells con-
sists almost entirely of bad curvature, whereas for the outer
magnetic wells, the regions of bad curvature have been shif-
ted with respect to the regions of trapping because of the large
global magnetic shear (§ = —1.2).
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Figure 6. Magnetic field strength (black-red lines) and bad
curvature regions (K, >0, orange), where the B-line is colored red if
it has bad curvature, and black if it has good curvature.

5. Linear stability analysis

Linear gyrokinetic simulations are performed for the six
considered devices in order to discuss the microinstabilities
that are driven unstable in the presence of various density and
temperature gradients. To start, in section 5.1, scans along
(ky,ky) are performed considering a/Ly, =3.0, a/Ly, = 0.0
and various density gradients to confirm that the most unstable
mode is generally found for k, = 0.0. Next, detailed scans for
0.0 < a/L, < 4.0 are conducted to study the evolution of the
growth rate with the density gradient in section 5.2, consid-
ering k, = 0.0 and limiting the binormal wavenumber to ion
scales, kyp; < 2.0. The most unstable mode is identified and
discussed in section 5.3, for which the contributions of the
ion temperature gradient and the density gradient are isolated
in section 5.4. A vanishing electron temperature gradient is
considered in the simulations to avoid the excitation of the
ETG mode, which is isomorphic to the ITG mode, hence it
is driven at electron scales, k, grg = (pi/pe) ky,irg, and it has
much larger growth rates, verg = (pi/pe) VirG- Including elec-
tron scales is beyond the scope of this work. Nonetheless, the

effect of a/Ly, = 3.0 on the ion-scale instabilities is discussed
in section 5.4. Finally, in section 5.5 growth-rate maps are
constructed for the six considered devices considering a wide
range of gradients witha/L, € [0.0,8.0] anda/Ly, € [0.0,8.0].
It is important to note that this work is limited to the analysis of
the fastest-growing mode as stella is an initial value solver.
However, it has been shown that subdominant modes can play
a crucial role on the nonlinear dynamics of the turbulence
[26, 27].

5.1. Growth rate as a function of kxpi and kyp;

Generally, linear studies of gyrokinetic simulations are per-
formed considering a vanishing radial wavenumber, i.e. k, =
0.0. This simplification is justified when the most unstable
mode peaks at a location along the flux tube where the flux-
tube cross-section is perpendicular, or if it peaks symmet-
rically around such a location. Therefore, most gyrokinetic
codes ensure that the center of the flux tube has a perpen-
dicular cross-section, i.e. Vx-Vy=0 at z=0. Moreover,
the center is typically chosen to correspond to the location
with the deepest magnetic well, and the most pronounced bad
curvature, as discussed in section 4. With these choices, the
most unstable mode most likely peaks at the center, where
it would be characterized by having k, = 0.0, whereas if it
would be localized further along the flux tube, at a location
where the cross-section has become twisted, it is character-
ized by k, # 0.0, due to the FLR-effects (see section 4). In
order to verify whether the most unstable modes have k, = 0.0,
the growth rates ya/vy; of the linear instabilities are shown
in figure 7 as a function of (ky,k,) for a/Ly, =3.0, a/Ls, =
0.0 and considering a density gradient of a/L, = 0.0 (left
column), a/L, = 2.0 (middle column) and a/L, = 4.0 (right
column). The corresponding frequencies wa /vy, ; can be found
in appendix B. The perpendicular wavenumbers are restricted
to ion scales, specifically, 0 < kep; <2.0and 0 < kyp; < 2.0,
where we limit the scans to positive k, since the field lines are
stellarator-symmetric, hence the k,-modes and the —k,-modes
have the same growth rates and frequencies, and we only con-
sider positive k,-modes because of the reality condition. The
length of the flux tube is restricted to one poloidal turn in this
section.

For the three considered density gradients, the most
unstable mode, which is highlighted by a white cross in
figure 7, is indeed found at k, = 0.0 in CBC, AUG, NCSX,
LHD and TJ-II. For W7-X, when considering low density
gradients, the most unstable mode is also found at k,p; = 0.0.
However, when the density gradient is increased to a/L, =
4.0, the most unstable mode is instead found at k,p; = 1.0
and kyp; = 1.375. Specifically, for a/L, = 4.0, the growth rate
at kep; = 0.0 and kyp; = 0.5 is 13% smaller than at k,p; =
1.0 and kyp; = 1.375. As explained in section 4, the most
unstable mode is most likely excited at the center for W7-
X, but it can also be excited in the magnetic wells at z =
+1.41 (figure 6) due to the depth of the magnetic well and the
strength of the bad curvature at this location. At z = 4-1.41 the
cross-section has become sheared and the most unstable mode
corresponds to the (ky,k,)-mode for which the FLR-damping
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Figure 7. Normalized growth rate as a function of (kpi, kyp;) for
a/Lr,=3.0,a/Ly, = 0.0 and a/L, = 0.0 (left column), a/L, = 2.0
(middle column) and a/L, = 4.0 (right column). The most unstable
mode is highlighted with a white cross.

is the smallest, which is inside the inner contour shown on the
right-hand-side of figure 5.

In CBC, AUG and NCSX the most unstable mode peaks
at the center of the flux tube where the cross-section is per-
pendicular, hence it has k, = 0.0. On the other hand, in TJ-II
and LHD, fora/L, = {2.0,4.0}, the mode with k, = 0.0 peaks
symmetrically around the center of the flux tube, in the two
magnetic wells at z = +0.23 for LHD, and in the magnetic
wells at z = £0.54 and z = +0.83 for TJ-II. This is illustrated
in figure 8 by plotting the parallel mode structure of the most
unstable mode, corresponding to the white crosses in figure 7.
Finally, in W7-X, the most unstable mode has k,p; # 0.0 for
a/L, = 4.0, for which the mode peaks in the magnetic well at
z=141.

0 1 2 3 4
/L,

max

Figure 8. Potential squared along the magnetic field line, for the
most unstable mode (white crosses) of figure 7. The strength of the
magnetic field is shown in gray, regions of bad curvature are
highlighted in red, and the colors of the parallel mode structures
correspond to the a/Ly-scale shown on top.

To conclude, if the cross-section at the center of the flux
tube is chosen to be perpendicular and if it corresponds to the
location with the strongest instability drives, then the most
unstable mode is generally found for k,p; = 0.0. However,
in some cases, the most unstable mode is characterized by
kypi # 0.0, because the mode peaks further along the flux
tube, at a location where the cross-section has become sheared.
It is important to note that in nonlinear simulations, all the
fastest-growing (ky,k,)-modes shown in figure 7, as well as
the subdominant modes (which are not computed in this work),
are coupled and will influence the nonlinear saturation of the
turbulence [51].

5.2. Growth rate as a function of a/L, and ky pi

The linear analysis is continued considering k,p; = 0.0, while
scanning kyp; in [0.125,2.0] to investigate the perpendicular
scale of the modes. We simultaneously scan a/L, in [0.0,4.0]
to study the evolution of the instabilities as the density gradi-
ent is increased. An ion temperature gradient of a/Ly, = 3.0
and a vanishing electron temperature gradient (a/Lz, = 0.0)
are considered. The flux tube is extended up to three poloidal
turns in order to capture extended modes. The growth rates and
frequencies of the modes are shown in figure 9. Note that neg-
ative frequencies correspond to modes traveling in the electron
diamagnetic direction, while those with positive frequencies
travel in the ion diamagnetic direction.

In CBC, AUG, TJ-II and LHD, the linear instabilities
become increasingly more unstable with increasing density
gradients. Considering the range of scanned density gradients,
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Figure 9. Normalized growth rate (left) and frequency (right) as a
function of the normalized density gradient, and the binormal
wavenumber, considering k.p; = 0.0, a/Ly, = 3.0 and a/Lz, = 0.0.
The frequency branches in W7-X are labeled A-F.

it is expected that distinct analytical instabilities are present
in these devices. Specifically, ITG modes should be dominant
ata/L, = 0.0 and density-gradient-driven instabilities such as
TEMs, iTEMs and universal instabilities should be present at
a/L, =4.0, where it is likely that they are mixed with the
ITG mode due to the presence of the strong ion temperat-
ure gradient of a/Ly, = 3.0. It can be seen that CBC, AUG,
TJ-II and LHD have continuous frequency maps, except for
very small k,p; in LHD and TJ-II. This continuous change of
the frequency is accompanied by a continuous change of the
parallel mode structure of these modes, which is discussed in
detail for the most unstable mode along &, p; in the next section
(figure 11). These continuous frequency branches indicate
that the modes are transforming into one another through a
continuous change of the density gradient [52]. As a result,
one should refrain from labeling modes traveling in the ion

diamagnetic direction as ITG modes, and those traveling in
the electron diamagnetic direction as TEM modes, since in
the presence of both a/L, and a/Ly, the modes are most likely
mixed to a certain degree.

In contrast, the growth rate and frequency spectra of NCSX
and W7-X are very different. Specifically, in NCSX, the
growth rate also increases with increasing density gradients,
however, the most unstable mode migrates to larger k,p;, in
contrast to the other five devices. According to mixing length
arguments, where Q; oc v/k2, one could expect the heat trans-
port to be reduced as the density gradient increases because the
perpendicular scale of the modes becomes smaller, although it
has been demonstrated that reliable quasi-linear models must
account for all subdominant unstable modes [53]. Moreover,
note that a second instability with positive frequencies shows
up at large density gradients. On the other hand, the growth
rate spectrum of W7-X consists of multiple different peaks,
which correspond to six distinct frequency branches, charac-
terized by having different parallel mode structures (shown
for the most unstable mode along k,p; in figure 11). For the
highest density gradient, a/L, = 4.0, four distinct instability
branches co-exist within k,p; < 2.0. The different branches
have been labeled (A) to (F). In W7-X, the growth rate thus
initially increases with the density gradient until a/L, = 1.25,
after which the growth rate decreases up to a/L, =2.75, due
to the stabilization of instability (A) by increasing density
gradients—which is most likely an ITG mode—without driv-
ing the other instabilities particularly unstable yet. As the dens-
ity gradient is increased further, the instabilities correspond-
ing to frequency branches (C) to (F) appear, which are driven
unstable by the density gradient. Note that instability (F) has
large perpendicular wavelengths, hence it could be particularly
detrimental to the heat transport.

In summary, CBC, AUG, TJ-II and LHD have continuous
frequency spectra, where the modes undergo a smooth trans-
ition from one instability into another as the density gradi-
ent is increased, whereas NCSX and W7-X are characterized
by abrupt transitions between different frequency branches.
Hence, it is clear that in most cases, a frequency branch does
not necessarily correspond to a distinct analytical instability
such as the ITG or TEM, and the identification of the instabil-
ities should be done very carefully or be avoided altogether.

5.3. Most unstable mode as a function of a/L,

Next, the growth rate, frequency and wavenumber of the most
unstable modes of figure 9 are plotted as a function of the
density gradient in figure 10, which is a linear analysis com-
monly performed in gyrokinetic studies. Recall that we con-
sidera/Ly, =3.0,a/Ly, = 0.0, kyp; = 0.0 and k,p; < 2.0. For
CBC, AUG, TIJ-II and LHD, the growth rate of the most
unstable mode increases approximately linearly with the dens-
ity gradient (figure 10(a)), while there is no significant change
in the perpendicular scales of the modes (figure 10(c)). In
NCSX, the growth rate also increases as the density gradient
is increased, however, it has a weaker dependence on a/L,.
Additionally, the perpendicular scales of the modes become
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Figure 10. The (a) normalized growth rate, (b) normalized
frequency, and (c) normalized binormal wavenumber of the most
unstable mode as a function of the normalized density gradient,
a/Ly, considering ky = 0.0, a/L7, = 3.0 and a /L7, = 0.0.

smaller. In contrast, in W7-X, the growth rates are reduced
by 36% from a/L, =1.25to a/L, =2.75. A similar trend is
observed when considering the most unstable mode for k,p; <
2.0 and kyp; < 2.0 in W7-X (not shown here). A decrease in
the perpendicular scales of the modes is also observed in W7-
X in figure 10(c), however, this is misleading since figure 9
indicates that multiple instabilities co-exist at high density
gradients, some of which are characterized by having large
perpendicular scales. Therefore, one has to be careful when
interpreting linear results based only on the most unstable
(ky, ky)-mode. Nonetheless, the linear analysis suggest that a
reduction of the heat transport with increasing density gradi-
ents is expected for NCSX and W7-X based on mixing length
arguments, Q; oc v/k2, while an increase is expected for CBC,
AUG, TJ-1I and LHD.

In order to explain the differences in the linear behavior
between these devices, |@k|? is plotted along the field line in
figure 11, for the modes from figure 10. These parallel mode
structures give insight into the geometric characteristics that
drive the instability. In every device, except for LHD, the
modes peak at the center of the field line for small density
gradients, where the ITG mode is believed to be dominant,
which is driven unstable in bad curvature regions (figure 4(d)).
This is mainly due to the FLR-damping, which scales with
k1 p; for the ions, and has a minimum at the center of the flux
tube for k, = 0.0 (figure 4(b)). On the other hand, as the density

0 1 2 3 4
/L,

max

/2

Figure 11. Potential squared along the magnetic field line, for the
modes in figure 10. The strength of the magnetic field is shown in
gray, regions of bad curvature are highlighted in red, and the colors
of the parallel mode structures correspond to the a/Ly-scale shown
on top.

gradient is increased, the modes become localized inside the
deepest magnetic wells, since TEMs start having a signific-
ant influence. Specifically, CBC and AUG have a single mag-
netic well consisting of mostly bad curvature, hence the modes
have the same parallel mode structure regardless of the density
gradient. On the other hand, in LHD, the modes become more
localized inside the magnetic wells as the density gradient is
increased since trapped electrons start driving the instabilities.
Note that the modes are more localized (the mode structures
are more narrow) in AUG (s = 1.6) and LHD (s = 1.2) com-
pared to CBC (5§ =0.8), due to the higher global shear and
thus stronger FLR-damping towards the ends of the flux tube.
NCSX shows improved confinement of the modes, despite
the moderate global shear (5§ = 0.7) which is likely due to the
very strong local magnetic shear (figure 4(b)). This limits the
modes to a region which is even smaller than the already quite
narrow region of bad curvature. In contrast, the mode struc-
tures in TJ-II are quite broad, since the shear is low and there
is a large central well which consists almost entirely of bad
curvature. Finally, in W7-X, distinct mode structures occur,
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corresponding to distinct frequency branches (figure 10). For
low density gradients, the modes peak at the center where
the FLR-damping is the weakest and the bad curvature is
the largest (figures 4(b) and (d)). Whereas for a/L, = 3.0 the
mode peaks inside the wells at z = +2.51, and for a/L, > 3.5
the modes peak in the wells at z = +1.41.

Moreover, the magnetic geometry is correlated to the mag-
nitude of the growth rates of the instabilities. Specifically, in
the devices where the mode structures are confined to narrow
regions of the field line, such as in LHD, NCSX and W7-X, the
growth rates are the smallest (figure 10). Additionally, the high
local magnetic shear in NCSX, and the intermittent regions of
bad and good curvature in the central well of W7-X have a
stabilizing effect. TJ-II has the largest growth rates of the stel-
larators due to its low shear and broad magnetic well, which
is covered almost entirely by bad curvature. Finally, the toka-
maks have the highest growth rates since most of the field line
is driving the modes unstable, where AUG performs slightly
better, most likely due to its higher shear.

5.4. Separate contributions to the growth rate from the ion
temperature gradient and the density gradient

In most devices, we are unable to distinguish between differ-
ent instability types, since the transitions between them are
smooth (section 5.2). Nonetheless, it is possible to isolate spe-
cific instabilities based on their instability drive by modifying
the simulations accordingly, which is shown in figure 12. The
original simulations considered in figure 10 are reproduced
here with black lines. Firstly, we consider the case of adiabatic
electrons to isolate the instabilities which are driven by the ion
temperature gradient and which rely solely on the ion dynam-
ics (blue dashed lines). Next, we impose vanishing temperat-
ure gradients while treating the electrons kinetically, to isolate
modes which are driven by the density gradient and require
electron dynamics (red dotted lines).

The instabilities driven by the ions (blue dashed lines)
show an initial increase in their growth rates with the dens-
ity gradient until a/L, = 1.0, after which the growth rates
decrease, and eventually the instability is suppressed by the
density gradient. The plasma parameters and behavior of these
modes suggest that this instability corresponds to the toroidal
ITG mode [50]. The density gradient for which these modes
are suppressed is the highest in CBC, AUG, TJ-II and LHD,
and the lowest in NCSX and W7-X. Moreover, note that for
a/L, = 0.0, including the electron dynamics (blue lines —
black lines) has a destabilizing effect in every device, except
in NCSX and W7-X, where it has no effect on the growth
rate.

The red dotted line in figure 12 represents the contribution
of the density-gradient-driven modes, which are most likely
TEMs [16] or iTEM [54] but they could also be passing-
particle-driven universal instabilities [55, 56], however this
instability is typically subdominant to TEMs. A minimum
density gradient is required in order to drive these modes
unstable, after which the growth rate increases with the density
gradient. Note that for high density gradients in W7-X, TJ-II
and AUG, the linear growth rates are reduced by the presence
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Figure 12. Normalized growth rate as a function of the normalized
density gradient with kinetic electrons, a/Ly, = 3 and a vanishing
electron temperature gradient (black), and with a/Lz, = 3 (gray).
Ion-temperature-gradient-driven modes are isolated by treating the
electrons as adiabatic (blue) and density-gradient-driven modes are
isolated by setting a/Lz, = 0 (red).

of an ion temperature gradient (red lines — black lines), in
contrast to NCSX, where the ion temperature gradient has a
destabilizing effect.

In CBC, AUG, TJ-II and LHD the growth rates of the
modes in the presence of both the ion temperature gradi-
ent and kinetic electrons (black lines) increase monotonously
with the density gradient. In contrast, in W7-X, and to lesser
extent in NCSX, distinct instabilities are observed in the fre-
quency spectra (figure 9), and the growth rates of the original
simulations (black lines) resembles the sum of the growth
rates of the ITG-driven modes (blue lines) and the density-
gradient-driven modes (red lines). The presence of a clear
separation between these two contributions is related to the
density gradient above which the growth rates driven solely
by the density-gradient-driven modes exceeds those driven
by the ITG-driven modes, i.e. where the red line crosses
the blue line. This occurs at around a/L, ~ 1.0 for CBC,
AUG, TJ-II and LHD, whereas it occurs around a/L, ~ 2.0
for NCSX and W7-X. Hence, in NCSX and W7-X, there is
a clear separation between these two instabilities, and there
is a region of density gradients for which the ITG-driven
modes are stabilized by the density gradient, without driv-
ing the density-gradient-driven modes particularly unstable
yet.



Nucl. Fusion 65 (2025) 016062

H. Thienpondt et al

a/LTi

0123456738

TJ-II

a/LTi

012345678 0123456738

a/LTi
OCHNWHERITDITX OFRNWHERITDDT00 OFNWKRITD T

OHFEFNWERUIUITDDTIT0 OFNWE O J00 OFNWKk IO 00

0123456738
a/Ly,

012345678
a/Ly

Figure 13. Normalized growth rate of the most unstable mode for
kypi = 0.0 and kyp; < 2.0, as a function of the normalized density
gradient and the normalized ion temperature gradient, for a
vanishing electron temperature gradient.

Finally, the effect of adding a non-vanishing electron tem-
perature gradient, set to a/Ly, = a/Ly, = 3.0, is represented
by the gray lines in figure 12. It can be seen that the presence
of an electron temperature gradient increases the growth rates
in every device, hence it has a destabilizing effect on the ion-
scale instabilities. Note that in CBC the ETG mode is domin-
ant for a/L, < 0.75, since the most unstable mode is found at
the end of the scanned wavenumber range, at k,p; = 2.0, and
it propagates in the electron diamagnetic direction (not shown
here). Increasing the scanned k, p;-values shows that this mode
belongs to the ETG branch which peaks at electron scales.

5.5. Growth rate as a function of a/L, and a/Lr,

The linear analysis is extended to a wide range of plasma para-
meters, varying the gradients from flat density and ion temper-
ature profiles (a/L, = 0.0 and a/Ly, = 0.0) up to extremely
peaked profiles (a/L, = 8.0 and a/Ly, = 8.0), scanned with
a step of a/L,=1.0 and a/Ly, = 1.0, while considering a
vanishing electron temperature gradient (a/Ly, = 0.0). The
growth rates and frequencies of the most unstable modes,
found for kyp; = 0.0 and k,p; < 2.0, are shown in figures 13
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Figure 14. Normalized frequency of the most unstable mode for
kypi = 0.0 and kyp; < 2.0, as a function of the normalized density
gradient and the normalized ion temperature gradient, for a
vanishing electron temperature gradient.

and 14, respectively. The wavenumber of the most unstable
mode is discussed in appendix C. These maps contribute to
the collection of growth-rate maps for various configurations
presented in [57]. Note that the black regions indicate that no
unstable modes were found within the considered CPU time.
Resolving these modes, which lie near marginality, would
require a more extensive study. Moreover, it is important to
acknowledge that for most devices, the gradients that are con-
sidered in this section are far beyond the experimentally rel-
evant values at r/a = 0.7. Therefore, one needs to be careful
when drawing conclusions based on such extreme scans.

It is clear that W7-X is the only device which exhib-
its a prominent valley [57], i.e. a region along the diagonal
a/L, =~ a/Lr, which is characterized by having significantly
reduced growth rates (figure 13). However, note that for the
specific choice of a/Lr, =3.0 and a/L, < 4.0, the reduc-
tion of the growth rate in W7-X is very modest (figure 10).
As explained in the previous section, this valley in W7-
X is formed by the stabilization of the ITG-driven modes
by increasing density gradients, without driving the density-
gradient-driven modes particularly unstable yet. Similarly, a
small reduction of the growth rate is observed along a/L, ~
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a/Lr, in NCSX, while for the other four devices, no reduced
growth rates are observed along the diagonal.

In figure 14, the frequency of the most unstable mode is
depicted. Each frequency branch, whose modes have a sim-
ilar parallel mode structure and occur at a similar binormal
wavenumber (see appendix C), has been interpolated separ-
ately. In CBC, AUG, TJ-II, and NCSX the most unstable mode
changes continuously from a pure ITG-driven mode (top left)
to a pure density-gradient-driven mode (bottom right), as can
be seen by the continuous change of the frequency through-
out all scanned gradients—except for the jump to a new fre-
quency branch at a/L, = 8.0 for NCSX. On the other hand,
LHD exhibits a similar frequency map as the other devices
for low density gradients, while for high density gradients, the
most unstable mode belongs to a different frequency branch,
which is characterized by a different parallel mode structure
(see appendix C). In contrast, many distinct instabilities live
inside the growth-rate valley of W7-X.

In summary, the linear analysis at a/Lz, = 3.0 reveals a
modest reduction of the growth rates with increasing density
gradients in W7-X and the absence of large-scale modes at
high density gradients in NCSX (figure 9), indicating a poten-
tial reduction of nonlinear heat transport with increased dens-
ity gradients. In contrast, in CBC, AUG, TJ-II and LHD the
linear observations point towards an increase of the heat trans-
port with increasing density gradients, since the growth rates
increase with a/L,, and the perpendicular scale of the turbu-
lence remains large. Moreover, analyzing the geometric char-
acteristics of the chosen field line, it is evident that the modes
in NCSX and W7-X are confined to narrow regions along the
field lines, due to the high local magnetic shear in NCSX and
due to the narrow magnetic wells and regions of bad curvature
in W7-X (figure 11).

6. Nonlinear analysis

In the final part of this paper, nonlinear simulations are per-
formed to investigate the effect of density gradients on tur-
bulence. Section 6.1 provides a detailed discussion on the ion
heat transport, while section 6.2 isolates the contributions from
the ITG-driven modes and the density-gradient-driven modes.
Next, section 6.3 examines the electron heat flux, addressing
the influence of a non-vanishing electron temperature gradi-
ent. Finally, more insight is given into the characteristics of the
instabilities that drive the turbulence in section 6.4, by identi-
fying the contribution of the trapped and passing particles to
the turbulent distribution function. The resolution used for
these simulations is provided in table 7, and extensive resolu-
tion checks are performed in appendix A.

6.1. Turbulent heat transport

In the following sections, we will discuss the ion and electron
heat fluxes, Q; and Q., which are normalized with respect to
the ion gyro-Bohm flux, defined as Q B, i = n; Ti vin i (pi/a)?.
The precise definition of the heat flux in the context of
flux-tube simulations is given by equation (5.2) in [32]. The

Qi/QgB,i

Figure 15. Ion heat flux as a function of the normalized density
gradient, considering a/Ly, = 3.0 and a/Lz, = 0.0.

Table 2. Time-averaged ion heat fluxes, Q;/Q,g,i, considering
a/Ly, = 3.0 and a/Lr, = 0.0, corresponding to the data in figures 15
and 16, as well as the black curves in figure 21.

a/L,=0 a/L, =1 a/L, =2 a/L, =3
CBC 19.2 26.5 37.2 57.4
AUG 12.1 19.0 30.4 48.8
TJ-II 233 10.6 9.3 7.0
LHD 5.6 6.9 6.1 6.1
NCSX 9.0 8.8 3.6 0.9
W7-X 9.1 6.4 1.4 1.5

evolution of the ion heat flux as a function of the normalized
density gradient, considering a/Ly, = 3.0 and a/Ly, = 0.0, is
shown in figure 15, and summarized in table 2.

For the tokamak configurations, the density gradient gives
rise to a significant increase of the ion heat transport, up
to a/L, = 3.0, after which it decreases slightly. In order to
discuss the stellarators, a zoom of the this plot is shown in
figure 16. For LHD, the ion heat flux is approximately inde-
pendent of the density gradient. On the other hand, in TJ-II
the ion heat flux is reduced significantly for a/L, < 1.5 and
a/L, > 2.5, whereas it remains approximately constant within
1.5<a/L, <2.5. In contrast, in NCSX and W7-X, a very
strong reduction of the ion heat flux is observed across a wide
range of density gradients. Initially, the ion heat flux increases
for a/L, < 0.5, after which there is a reduction of the ion heat
flux by an order of magnitude in both devices. Note that the
ion heat flux starts increasing again for a/L, > 2.5 in W7-X
and for a/L, > 3.5 in NCSX.

Comparing the nonlinear ion heat fluxes with the linear
growth rates in figure 10(a), it is clear that the reduction of
the ion heat flux in W7-X is an order of magnitude stronger
than the reduction of the growth rates. Moreover, the ion heat
flux in NCSX is reduced very strongly, while the growth rates
do not indicate any reduction. For LHD and TJ-II the growth
rates increase linearly with the density gradient, while their ion
heat flux is either constant or gets reduced. Even when taking
into account the perpendicular scale of the modes observed
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Figure 16. Ion heat flux as a function of the normalized density
gradient, for a/Ly, = 3.0 and a/L7, = 0.0 (zoom of figure 15).

in the linear simulations (figure 10(c)), the reduction of the
ion heat flux in NCSX and W7-X is much larger than the
reduction of ~/ kg. Therefore, it is clear that there is no cor-
relation between the nonlinear ion heat fluxes and the linear
growth rates of the fastest-growing modes for the stellarat-
ors. The fastest-growing mode is thus not necessarily repres-
entative of the nonlinear dynamics of the turbulence. Instead,
nonlinear saturation mechanisms play a crucial role on the
heat transport within these devices. Determining these under-
lying mechanisms, which includes the role of subdominant
modes through the nonlinear transfer of energy from unstable
to damped modes [51, 58-60] and the effects of zonal flow
shearing and energy cascades to dissipative scales [61-63], is
beyond the scope of this work. Nonetheless, NCSX and W7-X
are the only two stellarators for which the linear analysis of the
fastest-growing mode points towards a reduction of the non-
linear heat transport, albeit the magnitude of the reduction was
significantly underestimated. On the other hand, for the toka-
maks, the increase of the ion heat flux is in agreement with the
increase of the growth rates for a/L, < 3.0.

The contributions of the specific (ky, k,)-modes to the ion
heat flux of LHD are shown in figure 17 for four different loc-
ations along the field line, in order to illustrate the effect of
the local magnetic shear and FLR-damping. As can be seen
in figure 19, the largest contributions to the heat flux tend
to originate from the center of the field line. At z=0 the
cross-section of the flux tube is perpendicular and the min-
imum perpendicular wavenumber k, p; occurs for k, = 0.0
(see section 4). As one moves along the field line, the cross-
section becomes sheared (figure 4(c)), and the turbulent eddies
become very twisted and are subsequently suppressed through
the FLR-effects, leading to a reduction in heat losses towards
the ends of the flux tube, as can be seen in figure 17. Note that
the modes that contribute the most to the heat flux are those
for which the perpendicular wavenumber k| p; is minimum—
corresponding to the modes within the inner contour line—
where the FLR-damping is the weakest. Seeing that the heat
flux typically peaks at the center of the field line, the largest

Figure 17. Contributions of the individual (., k,)-modes to the ion
heat flux of LHD, for different points along the field line
considering a/L, = 4.0, a/Lr, = 3.0 and a/Ly, = 0.0. The contour
lines represent the magnitude of the perpendicular wavenumber

k1 pi (white is minimum, black is maximum).
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Figure 18. Dominant perpendicular scale of the fluctuations that
contribute to the ion heat flux, for a/Ly, = 3.0 and a/Lz, = 0.0.

contributions thus arise from the k, = 0.0 modes. For this
reason, the bad curvature regions are shown for k, = 0.0 in
figure 19. Nonetheless, other k,-modes can also contribute sig-
nificantly to the heat flux, for which the bad curvature regions
are located elsewhere.

The contributions Q;(ky, ky,z) to the ion heat flux are trans-
formed to Q;(ky pi), and the k, p; for which Q;(k p;) is max-
imum is considered the dominant scale of the perpendicular
fluctuations of the turbulence, which is shown in figure 18 as
27 [k 1 pi(O"™). For W7-X, NCSX, and to lesser extent for TJ-
II, the perpendicular fluctuations become significantly smal-
ler as the density gradient increases. Moreover, the trend of
27 /k, p; for W7-X, NCSX and TJ-II is very similar to the
trend of their ion heat fluxes (figure 16), hence the heat losses
are reduced partly because the scale of the turbulence becomes
smaller. In contrast, for CBC and AUG the scale of the turbu-
lence is not correlated to the trend of the ion heat flux, while
in LHD both the ion heat flux and the scale of the fluctuations
are approximately independent of the density gradient.

The contribution to the ion heat flux coming from spe-
cific points along the field line is visualized in figure 19. In
every device, except for W7-X, the localization of the ion heat
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Figure 19. Contributions of the individual z-points to the ion heat
flux. The strength of the magnetic field is shown in gray, regions of
bad curvature for k, = 0.0 in red, and the colors of the curves
correspond to the a/L,-scale shown on top.

losses does not change significantly when increasing the dens-
ity gradient, besides the increased contribution coming from
the magnetic wells. Specifically, for a/L, = 0.0, the ion heat
losses are the largest at the center of the field line (z=0).
As explained in section 4, the ITG mode, which is believed
to be dominant for a/L, = 0.0, drives turbulence in locations
which have the most pronounced bad curvature, which typ-
ically corresponds to the center of the field line (figure 4).
For CBC, AUG and NCSX the center also corresponds to the
deepest magnetic well, hence the heat losses remain dominant

max(Q;(2))/(Qi(2))-

—— OBC

—— AUG

—— LHD

TJ-1I
—=— NCSX

. —— W7-X

0 i é 3 4
a/L,

Figure 20. Ratio of the maximum ion heat flux along the field line
with respect to the field-line averaged ion heat flux, as a function of
the normalized density gradient, a/L,.

at z=0 as the density gradient is increased, and TEMs start
playing an important role. Whereas for W7-X, LHD and TJ-II
the heat losses at high density gradients predominantly arise
from locations further along the field line, corresponding to
the deepest magnetic wells. Moreover, for W7-X the distribu-
tion of the ion heat losses along the field line changes multiple
times as the density gradient is increased. For a/L, = 0.0, the
heat losses arise predominately from the center of the field
line, however, a substantial portion of the heat losses also
arise uniformly from the entire field line. When a finite dens-
ity gradient is introduced (a/L, = {0.5,1.0,1.5}), the uniform
contribution disappears and the heat flux is generated almost
entirely at the center. For a/L, = 2.0, which is close to the
minimum ion heat flux (figure 16), heat losses start arising
from the trapping regions, indicating that TEMs are begin-
ning to become unstable. As the density gradient is increased
further (a/L, = {2.5,3.0}), heat is lost inside each magnetic
well, however, the heat losses in the central well are localized
predominantly on the sides of the magnetic well. This could
be explained by the fact that trapped electrons spend most of
the time in their orbits near their bouncing points, hence the
heat losses are localized here. For the highest density gradi-
ents that are considered (a/L, = {3.5,4.0}), the preference of
the magnetic wells is diminished and instead the majority of
heat losses arise uniformly from the entire field line, suggest-
ing a significant involvement of passing electrons.

To quantify how localized the heat losses are, the max-
imum ion heat flux along the field line is compared to the
field-line averaged heat flux in figure 20. Note that it has been
demonstrated that heat losses depend on the field-line label
[43], hence full-flux-surface simulations would be required to
accurately discuss the localization. For CBC, AUG, TJ-II and
LHD, the maximum heat flux along the field line is around
twice as big as the field-line averaged heat flux, regardless of
the density gradient, because the heat losses remain localized
at the center of the field line. Similarly, in NCSX the local-
ization does not change with the density gradient, however,
the heat losses are much more localized. This is likely due to
the fact that the bad curvature region, as well as the deepest
magnetic well, are rather narrow, and the strong local mag-
netic shear (figure 4(c)) damps the fluctuations arising from
the two outer peaks of bad curvature. On the other hand, in
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Table 3. Ion heat fluxes, Qi/Qgp,i, considering a/Lr, = 3.0 and
adiabatic electrons to isolate ion-temperature-gradient driven
modes, corresponding to the blue dashed lines in figure 21.

a/L, =0 a/L, =1 a/L, =2 a/L, =3
CBC 4.1 3.7 1.4 0.1
AUG 34 34 0.9 0.0
TIJ-1II 1.6 1.3 0.4 0.0
LHD 2.4 2.7 0.6 0.0
NCSX 5.8 4.0 1.0 0.0
W7-X 9.1 2.4 0.4 0.0

W7-X, there is a uniform loss of heat along the entire field line,
as well as a strong contribution at z=0 for a/L, = 0.0, after
which the heat losses become strongly localized to the center
of the field line as the density gradient is increased. The heat
losses remain strongly localized until a/L,, = 1.5 after which a
uniform contribution along the entire field line emerges, indic-
ating that an instability driven by passing electrons is likely
becoming unstable for density gradients above a/L, > 2.0.

6.2. Separate contributions to Qs from the ion temperature
gradient and the density gradient

To gain more insights into the trends of the heat fluxes, the con-
tributions of the ITG-driven modes (blue dashed lines) and the
density-gradient-driven modes (red dotted lines) to the ion and
electron heat flux are isolated and shown in figures 21 and 22,
respectively. The simulations containing both the ion temper-
ature gradient and kinetic electrons, shown in figure 15, are
represented here by the black lines. The ITG-driven modes
are isolated by treating the electrons adiabatically, whereas
the density-gradient-driven modes are isolated by considering
vanishing temperature gradients.

The ITG-driven modes (blue dashed lines in figure 21) are
stabilized with increasing density gradients, in the same way
as in the linear simulations (figure 12). Under these conditions
the toroidal ITG mode is believed to be dominant. Note that
at a/L, = 0.0 the largest ion heat flux is driven in W7-X and
NCSX, and the lowest in LHD and TJ-II (see table 3). In TJ-
I, including kinetic electrons in the simulations (blue lines —
black lines) drastically increases the ion heat flux at a/L, =
0.0, while a significant increase in the ion heat flux is observed
in CBC and AUG, a moderate increase in LHD and NCSX and
finally in W7-X the electron dynamics do not effect the ion
heat flux at a/L, = 0.0.

The ion heat flux driven by the density-gradient-driven
modes (red dotted lines in figure 21) increases with increas-
ing density gradients, which is in line with the linear results
(figure 12). In this case, the turbulence is believed to be primar-
ily driven by TEMs. At a/L,, = 4.0, the lowest ion heat fluxes
are found in the stellarators, as shown in table 4, with NCSX
having the lowest of all. As expected, the largest ion heat fluxes
are found in the tokamaks, as here the majority of the trapped
electrons are located in the bad curvature region. Moreover, in
CBC and AUG the ion heat flux is increased significantly by
the ion temperature gradient at a/L, = 4.0 (red line — black

— a/Ly, =3; a/Ly, = 0; kin. elec.
— a/Ly, =3; a/Ly, = 3; kin. elec.
--- a/Ly, =3; a/Ly, = 0; adi. elec.
------ a/Ly, = 0; a/Lr, = 0; kin. elec.

Qi/QeB.i

Qi/QeB.i

Qi/QgB,i

Figure 21. Normalized ion heat flux as a function of the normalized
density gradient with kinetic electrons for /Ly, = 0.0 (black) and
a/Lz, = 3.0 (gray). lon-temperature-gradient driven modes are
isolated by treating the electrons as adiabatic (blue) and
density-gradient-driven modes are isolated by setting a/Lz, = 0.0
(red), both considering a/Lr, = 0.0.

Table 4. Ion heat fluxes, Qi/Qgp,i, considering a/Lz, = 0.0,
a/Lz, = 0.0 and kinetic electrons to isolate density-gradient-driven
modes, corresponding to the red dotted lines in figure 21.

a/L, =1 a/L, =2 a/L, =3 a/L, =4
CBC 0.5 5.0 10.1 16.8
AUG 0.3 4.1 8.6 12.9
TIJ-II 0.2 0.8 1.9 4.2
LHD 0.1 0.9 2.2 3.9
NCSX 0.0 0.1 0.6 2.0
W7-X 0.0 0.5 2.6 7.2

line), whereas in LHD it is increased moderately. Finally, in
TJ-II, NCSX and W7-X, the effect of the ion temperature
gradient is very small, moreover, it is capable of reducing the
ion heat flux driven by the density-gradient-driven modes.
When including both kinetic electrons and the ion tem-
perature gradient at the same time (black lines), the ion heat
flux can resemble a direct sum of the two contributions, or
it is enhanced strongly. The latter is true for CBC, AUG,
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Figure 22. Normalized electron heat flux as a function of the
normalized density gradient for a/Ly, = 0.0 (black) and

a/Lr, = 3.0 (gray). The density-gradient-driven modes are isolated
by setting a/Ly, = a/Ly, = 0.0 (red).

TJ-II and LHD, indicating that the instabilities are destabil-
ized significantly by the free energy in the ion temperature
gradient, and by the electron dynamics. In contrast, in W7-
X and NCSX, the ion heat flux from the complete simula-
tions (black lines) resembles the direct sum of the separate
effects, where NCSX benefits particularly well from the weak
density-gradient-driven modes (red dotted lines). Therefore,
for W7-X and NCSX there is a region of density gradients
for which the ITG-driven modes are being suppressed and
the density-gradient-driven modes are not driving a significant
amount of turbulence yet, which is qualitatively in line with
the linear observations (figure 12). Moreover, from the non-
linear simulations we can conclude that the reduction of the
ion heat flux by the density gradient is also related to the fact
that the ITG-driven modes (blue dashed lines) in NCSX are
only moderately destabilized by the electron dynamics, while
they are not destabilized by kinetic electrons in W7-X, in con-
trast to the other devices. Additionally, the density-gradient-
driven modes (red dotted lines) in NCSX and W7-X are
slightly stabilized in the presence of a finite ion temperature
gradient, while they are significantly destabilized in the other
devices.

Table 5. Ion heat fluxes, Qi/Qgp,i, considering /L, = 3.0 and
a/Lz, = 3.0, corresponding to the gray curves in figure 21.

a/L,=0 a/L, =1 a/L,=2 a/L,=3
CBC 22.7 25.1 45.8 729
AUG 13.3 13.1 33.1 56.4
TIJ-II 15.1 6.1 10.0 10.5
LHD 6.9 6.9 5.6 6.2
NCSX 11.1 8.3 3.6 0.6
W7-X 9.0 5.0 1.9 1.5

Table 6. Electron heat fluxes, Qc/Qgs,i, for a/Ly;, = 3.0 and
a/Lr, = 3.0, corresponding to the gray curves in figure 22.

a/L, =0 a/L, =1 a/Ly =2 a/L, =3
CBC 54 14.5 442 81.8
AUG 1.8 6.4 31.1 60.8
TJ-1T 4.5 3.9 9.8 12.3
LHD 2.1 3.1 5.1 7.4
NCSX 3.1 4.1 3.9 1.6
W7-X 2.7 2.2 1.6 1.9

6.3. Effect of the electron temperature gradient

The effect of adding a non-vanishing electron temperature
gradient on the heat transport is shown in figures 21 and 22,
respectively, by comparing the black lines (a/Lr, = 0.0) with
the gray lines (a/Ly, = 3.0). The values of the ion and elec-
tron heat fluxes are summarized in tables 5 and 6, respect-
ively. It can be seen that a finite electron temperature gradient
has a relatively small effect on the ion heat losses (figure 21).
Specifically, in AUG and TJ-II, the presence of an elec-
tron temperature gradient decreases the ion heat flux moder-
ately for a/L, < 2.0 and increases it for a/L, > 2.0, a similar
increase in the ion heat flux is observed for CBC. In W7-X, the
electron temperature gradient has a moderate stabilizing effect
on the ion heat loses in the presence of small density gradients,
reducing the ion heat flux by 40% for a/L, = 0.5.

On the other hand, the electron temperature gradient
increases the drive for the electron heat transport strongly,
resulting in a significant increase of the electron heat flux,
which becomes of the order of the ion heat flux. Note that
the electron heat flux in the absence of an electron temper-
ature gradient (black lines in figure 22) is much smaller than
the ion heat flux (black lines in figure 21), especially at low
density gradients, which is expected in the presence of a steep
ion temperature gradient of a/Ly, = 3.0. Specifically, in CBC
and AUG, both the electron heat flux and the ion heat flux
increase with the density gradient. For LHD, the electron heat
flux increases roughly linearly with the density gradient, sim-
ilar as its linear growth rates. In TJ-II the electron heat flux ini-
tially decreases, after which it increases strongly with the dens-
ity gradient for a/Ly, = 3.0, comparable to the evolution of its
ion heat flux. Finally, for both NCSX and W7-X, the electron
heat flux undergoes a similar reduction with increasing density
gradients as the ion heat flux, albeit it is less pronounced.
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Figure 23. Maxwellian distribution in velocity space, with a
trapping cone corresponding to B/Bmax = 0.75.

Recall that these simulations are performed at ion-
Larmor scales, therefore the contribution to the heat trans-
port that arises from the electron-Larmor scales is missing.
Nonetheless, it has been shown that when the ion temperature
gradient is sufficiently above the critical ion temperature gradi-
ent, the ion and electron heat flux driven at ion-Larmor scales
gives an accurate picture of the heat transport in tokamaks
[64, 65]. Whether or not this holds for stellarators needs to
be investigated and is beyond the scope of this work.

6.4. Contribution of trapped and passing particles

In order to gain a better understanding of the microinstabilities
that drive the turbulence, the turbulent part of the distribution
function is examined in detail in this section. Let us denote
by g s the Fourier components of the gyro-averaged turbulent
distribution function and let

A . Ze |
hk,s = 8k,s + % GxFosJo (ki ps) (1

be its non-adiabatic component, where Fj ; is a Maxwellian
distribution. In figure 23(a) Maxwellian distribution is shown
as a function of the parallel and perpendicular velocities.
The factor v, in this plot corresponds to the Jacobian of the
transformation from (v,,vy,v;) to (v1,v|) velocity coordin-
ates. Particles are trapped if vj +v] < 2Bma, With v} =
2uB(z) and By, the maximum value of B(z) along the field
line. This trapping condition is visualized in figure 23 by the
white lines—commonly known as the trapping cone. Passing
particles (outside the cone) are capable of exploring the entire
field line, while trapped particles (inside the cone) are con-
fined to the magnetic wells. For a Maxwellian distribution, the
fluctuations are isotropic in velocity space, and the trapped
particle fraction is given by firapped (2) = /1 — B(2)/Bmax- In
figure 23, we have firapped = 0.5, therefore, half of the particles
are trapped in this scenario.

Note that a large fraction of trapped particles does not
necessarily imply that trapping plays an important role on the
turbulence, it may simply indicate that the magnetic well is
relatively deep. Only if plots of izkys(vH ,v1 ) exhibit a clear
deviation from isotropy, can we expect that trapping could
play an important role. Moreover, I;k’s has to be sufficiently
large compared to g s to have a notable influence on the tur-
bulence. Therefore, it is not sufficient to only consider the frac-
tion of trapped particles to discuss the nature of the turbulence,
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Figure 24. Non-adiabatic part of the distribution function at z=0
for ions (left) and electrons (right) in CBC considering a/Lr, = 3.0
and a/Lz, = 0.0, for a/L, = 0.0 (top row), a/L, = 2.0 (middle
row) and a/L, = 4.0 (bottom row).
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Figure 25. Non-adiabatic part of the distribution function at z =0
for ions (left) and electrons (right) in W7-X considering a/Ly, = 3.0
and a/Lr, = 0.0, for a/L, = 0.0 (top row), a/L, = 2.0 (middle
row) and a/L, = 4.0 (bottom row).

instead, one has to carefully examine the distribution in velo-
city space while simultaneously taking into account the relat-
ive size of l;k}j, which is discussed in the following paragraphs.

In figures 24 and 25, the non-zonal contributions to the non-
adiabatic part of the distribution function for the ions and elec-
trons, i.e. > 4 4o | 5|2, are shown for CBC and W7-X at
z=0, considering a/Ly. = 3.0 and a/Ly, = 0.0. It is clear that
for electrons trapping can play a dominant role, e.g. in CBC
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the distribution function is clearly localized within the trap-
ping region (right column of figure 24) and the electrons are
strongly trapped for all density gradients. On the other hand,
in W7-X the electrons are fairly trapped at a/L, = 0.0, they
become very trapped at a/L, = 2.0 and finally they are mod-
erately trapped at a/L,, = 4.0 (right column of figure 25). Note
that in stellarators particles can also be trapped with respect
to a local maximum of the magnetic field, which results in a
more narrow trapping cone. This is observed for W7-X (right
column of figure 25), which has a shallow magnetic well at
the center of the field line (figure 4(a)). On the other hand,
for CBC and W7-X, ions are more strongly trapped than in
the case of an isotropic distribution (figure 23), which can
be seen in the left columns of figures 24 and 25. Except for
a/L, = 4.0 in W7-X, where the ion distribution is almost iso-
tropic. Note however that trapping does not necessarily play a
notable role on the ion dynamics, it is possible that the instabil-
ity is simply predominantly driven by ions that have small par-
allel velocities. This could explain why the ion distribution is
rather smooth across the trapping-passing boundary, while for
electrons the distribution changes strongly across the trapping-
passing boundary.

To quantify the degree of non-adiabaticity and the import-
ance of trapped particles we are going to introduce new dia-
gnostics in the following paragraphs. Let us define

w(hs,z)z/d3vz %

Kooy 0

B2
il o

0,s
Given that the role of trapped particles could be significant in
hy, but, at the same time, the non-adiabatic part A, could be
very small compared to the distribution g; in some situations,
we quantify the degree of non-adiabaticity as w(h;)/w(gi)
and w(h.)/w(ge), which are shown in figures 26(a) and (b),
respectively. Note that w (with dimensions of energy dens-
ity) is reminiscent to one of the pieces of the free energy (see
equation (74) in [66]). This quantity is evaluated at z=0 for
CBC, AUG, NCSX and W7-X, and at z = 40.23 for LHD
and z = +0.54 for TJ-II since these are the locations where
the potential fluctuations peak. The parallel mode structures
of the potential are not shown here, nonetheless, they are sim-
ilar to the localization of the heat losses shown in figure 19,
with the exception that the potential fluctuations always peak
at the center for W7-X, and in the deepest wells for LHD and
TJ-II, regardless of the density gradient. The parameter z is
henceforward dropped in w(h;,z) for simplicity.

For the ions w(h;) > w(g;) for all density gradients in every
device (figure 26(a)), which means that the potential counter-
acts the ion dynamics. Moreover, the ratio is around unity
for small density gradients, and it increases substantially at
large density gradients, hence the ion dynamics are almost
entirely non-adiabatic. On the other hand, for small dens-
ity gradients, the contribution of the electrons is much smal-
ler than that of the ions, i.e. w(h.) < w(h;) (figure 26(c)),
moreover, the non-adiabatic part of the electrons is rather
small, w(he) < w(ge) (figure 26(b)). Therefore, for small dens-
ity gradients, the electron dynamics do not play a significant
role on the turbulence. This is expected because a vanishing
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Figure 26. Ratio of the non-adiabatic part of the distribution
function to the gyro-averaged distributed function (a) for ions and
(b) for electrons, and (c) the fraction of the non-adiabatic part of the
distribution function of the electrons to the ions, considering

a/Ly, =3.0and a/Ly, = 0.0.

electron temperature gradient is considered here, hence when
the density gradient is small, the electrons experience little to
no drive, while the ions are strongly driven by the steep ion
temperature gradient of a/Ly, = 3.0. As the density gradient
is increased from a/L, =0.0 to a/L, = 1.5, the ITG mode
is damped, and while the electron dynamics remain negli-
gible (w(h,) < w(h;)), the non-adiabatic part of the electron
distribution function (figure 26(b)) increases with the dens-
ity gradient. When the density gradient is increased further,
a/L, > 2.0, the electron dynamics start playing an import-
ant role since w(h,)/w(h;) becomes relatively large, reaching
values around 0.5 for W7-X and NCSX, up to 1.5 in AUG
(figure 26(c)). Moreover, the non-adiabatic part of the distribu-
tion function of the electrons is relatively large at a/L, = 2.0,
with w(he) > w(ge) in CBC and AUG, w(h,) ~ w(g.) in TJ-
IT and LHD, while w(he) < w(ge) in W7-X and NCSX. After
a/L, =2.0, w(he)/w(g.) decreases slowly with the density
gradient in CBC, AUG, TJ-II and LHD, whereas in NCSX
this decrease starts after a/L, = 3.0 and in W7-X the decrease
starts at a/L, = 2.0, however w(h.)/w(g.) starts increasing
again after a/L, = 3.0.

To quantify whether the turbulence is driven by trapped or
passing particles, we define a measure of the particle trapping
at each point z as,

Tx |ilk,x|2

f(hnz): ? FO,s )

3

/ d’v Hiap Z

1
w(hs,2) Kook 20
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Figure 27. Fraction of trapped particles considering 4; (blue), A
(red) and g. (orange), for a/Ly, = 3, a/Ly, = 0, evaluated at the
center of the field line (z = 0) for CBC, AUG, NCSX and W7-X
and at z = £0.23 for LHD and z = £0.54 for TJ-II. The trapped

particle fraction firapped = 1/ 1 — B(z)/Bmax is visualized by the

horizontal gray lines.

with Higap = H(2p4(Bmax —B(2)) — vﬁ) the Heaviside function.
This measure is evaluated at the same z-locations considered in
the previous paragraph, hence z is dropped in £ (h;, z) for sim-
plicity. It is plotted in figure 27 considering the non-adiabatic
part of the distribution function for the ions (%; in blue) and the
electrons (/. in red), as well as for the full turbulent distribu-
tion function of the electrons (g, in orange).

The quantity £ needs to be compared to the fraction of
trapped particles that would occur if the fluctuations were
isotropic in velocity space, which corresponds to the trapped
particle fraction fyrapped = v/ 1 — B(z)/Bmax, represented by the
gray lines in figure 27. The trapped particle fraction is 63% in
CBC, 60% in AUG, 51% in TJ-II, 58% in LHD, 43% in NCSX
and 38% in W7-X. For small density gradients, the majority of
the ions are trapped, i.e. {(/;) > firappea (blue lines in figure 27).
As the density gradient is increased, & (h;) approaches firapped in
the stellarators (blue lines — gray lines), because the velocity
distribution becomes isotropic. In contrast, in CBC and AUG
&(h;) remains high at a/L, = 4.0.

On the other hand, the majority of the electrons which
are driving the non-adiabatic part of the distribution function
(red lines) are trapped regardless of the density gradient, i.e.
&(he) > firappea- With the exception of W7-X, which will be
discussed separately in the next section. The non-adiabatic
part k. contains the electrons which are driven unstable by
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the geometric characteristics, whereas the distribution func-
tion g. also contains the contribution of the electrons that fol-
low the perturbed electrostatic potential . Therefore, the geo-
metric characteristics, such as the magnetic wells and regions
of bad curvature, mostly excite trapped electrons, hence & (k)
is close to unity (red lines). Finally, looking at the full dis-
tribution function of the electrons (orange lines), it is clear
that for flat density profiles the electrons are mostly passing,
&(8e) < firappea- This is because the electron dynamics do not
play a notable role at small density gradients (figure 26) and
hence the majority of the electrons are passing since they
respond to the electrostatic potential determined by the ion
dynamics. As the density gradient is increased, and the elec-
tron dynamics start playing a significant role, the majority of
the electrons become trapped, £(ge) > firapped, in CBC, AUG,
TJ-II, LHD and NCSX where the TEM is believed to become
dominant.

6.5. The case of W7-X: TEMs and passing-particle-driven
universal instabilities

The amount of trapped and passing particles that are driving
the turbulence in W7-X is very different. Specifically, £(h.) is
significantly lower in W7-X compared to the other five devices
(red lines in figure 27), and it depends strongly on the density
gradient. In particular, for small density gradients, the particles
that are driving the instability become increasingly trapped
as the role of the electron dynamics increases (figures 26(b)
and (c)), similarly as in the other devices. On the other hand,
for a/L, > 2.5, £(he) decreases significantly, indicating that
the turbulence is driven by both trapped and passing elec-
trons. Therefore, in W7-X, the density-gradient-driven modes
likely consist of the TEMS, as well as another instability that is
driven by passing electrons, which is most likely the passing-
particle-driven universal instability [55, 56]. This is supported
by figure 25(f) which shows that the non-adiabatic part of the
distribution function consists of a trapped particle contribution
coming from the central magnetic well (since the cone is very
narrow) with the addition of an isotropic contribution which
is likely originating from the passing-particle-driven universal
instability. Moreover, this instability explains the large amount
of heat loss across the entire field line for a/L, > 2.5 in W7-
X (figure 19), since passing particles explore the entire geo-
metry. Comparing with the results in [55] this instability likely
corresponds to instability (F) in the linear simulations shown
in figure 9. Therefore, it is likely that in W7-X the TEM co-
exists with the passing-particle-driven universal instability at
high density gradients. In the other five devices, the passing-
particle-driven universal instability is probably absent, or sub-
dominant to the TEM. The detailed analysis of the distribution
function thus gives valuable insights into the microinstabilities
which are driving the turbulence.

7. Conclusions

The effect of the density gradient on the turbulent heat
transport is investigated by carrying out a comprehensive com-
parative study of different devices, including the W7-X, LHD,
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TJ-IT and NCSX stellarators, which represent helias, heliotron,
heliac and quasi-axisymmetric configurations, respectively, as
well as the AUG tokamak and the tokamak geometry of the
CBC. Both linear and nonlinear simulations covering a wide
range of parameters are performed, examining the effect of
density gradients, as well as the presence of electrons with and
without a temperature gradient. Moreover, a detailed study of
the geometric characteristics—magnetic wells, curvature and
shear—that drive the instabilities is conducted, and the contri-
butions of trapped and passing particles to the turbulence are
identified.

A detailed study of the linear growth rates along
(kypi,a/L,) reveals that many distinct instability branches
co-exist at ion-scales in W7-X, while only two branches co-
exist in NCSX, which can have an important effect on the
nonlinear dynamics, hence one has to be careful when study-
ing only the most unstable mode along kyp;. On the other
hand, in the other devices a continuous transition between
different microinstabilities has been observed for most of
the considered density gradients, ion temperature gradients,
and wavenumbers, hence the identification of the instabilit-
ies should be done very carefully or be avoided altogether. It
has been shown that the growth rates increase with increas-
ing density gradients in CBC, AUG, TJ-II, LHD and NCSX,
while a moderate decrease of the growth rate is found between
a/L, =1.25 and a/L, =2.75 in W7-X. Moreover, in NCSX
and W7-X the growth rates of the density-gradient-driven
modes exceeds those driven by the ITG-driven modes around
a/L, = 2.0, whereas this occurs around a/L, = 1.0 for CBC,
AUG, TJ-II and LHD. Therefore, in NCSX and W7-X there is
aregion of density gradients for which the ITG-driven modes
are stabilized, without driving the density-gradient-driven
modes particularly unstable yet. It is important to note that
these linear studies have only taken into account the fastest-
growing mode, even though subdominant modes have been
shown to have a significant impact on the nonlinear state
[26, 27], which is beyond the scope of this work.

The analysis is continued by performing nonlinear sim-
ulations covering a wide range of density gradients, 0.0 <
a/L, < 4.0, considering a fixed ion temperature gradient of
a/Ly, = 3.0 and taken into account both vanishing and finite
electron temperature gradients. In NCSX and W7-X, a strong
reduction of the ion heat flux with increasing density gradi-
ents is observed. This reduction is also evident in TJ-II for
a/L, < 1.0, whereas in LHD, the ion heat flux is nearly unaf-
fected by the density gradient. In contrast, in the tokamaks,
the ion heat flux increases strongly with the density gradi-
ent. Notably, the ion heat fluxes for the stellarators do not
correlate with the growth rates of the fastest-growing modes
obtained in the linear analysis. This indicates that underly-
ing nonlinear saturation mechanisms, such as the nonlinear
transfer of energy from unstable to damped modes [51, 58—
60] and the effects of zonal flow shearing and energy cas-
cades to dissipative scales [61-63], play a crucial role on the
turbulence. Nonetheless, the strong reduction of the ion heat
flux in W7-X and NCSX is partly attributed to the stabiliza-
tion of the ITG-driven modes by the density gradient, without
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significantly destabilizing the density-gradient-driven modes.
Moreover, NCSX and W7-X benefit from the fact that the ITG-
driven modes are only moderately or not at all destabilized by
kinetic electrons, while the density-gradient-driven modes are
slightly stabilized in the presence of an ion temperature gradi-
ent. This is in contrast to the other four devices where these
modes are significantly destabilized by kinetic electrons and
ion temperature gradients. Furthermore, in NCSX, W7-X and
TJ-II the reduction of the ion heat flux can be attributed in
part to the fact that the size of the perpendicular fluctuations
diminishes as the density gradient increases. Lastly, more light
is shed on the nature of the microinstabilities by investigating
the contributions of the trapped and passing particles to the
turbulence. This reveals that TEMs are dominant at high dens-
ity gradients in CBC, AUG, TJ-II, LHD and NCSX, while the
passing-particle-driven universal instability drives a large part
of the turbulence in W7-X.

It should be noted that the heat fluxes obtained in this
paper are generally higher than those typically observed in
experiments. In tokamaks, it is well established that dens-
ity peaking alone cannot account for the enhanced perform-
ance of pellet-fueled discharges, and it is essential to con-
sider additional stabilizing mechanisms, such as E x B shear-
ing, reversed magnetic shear and high-collisionality [11-
15]. In contrast, in stellarators, density peaking alone may
explain the reduction in turbulence observed in devices
like W7-X, NCSX, and TJ-II. This is due to the favor-
able properties of density-gradient-driven modes in these
devices, along with enhanced nonlinear saturation mechan-
isms. Nonetheless, other stabilization mechanisms, such as
the effects of ambipolar electric fields [20, 21] and collisions
[67] are likely required to fully align with experimental
observations.
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Appendix A. Convergence checks

The linear and nonlinear resolutions used in this work, are
given in table 7. A small amount of hyper-viscosity, with
D =0.1, was applied in the simulations presented in this paper.
The form of the hyper-viscosity used in stella is given by
equation (53) in [28].
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Table 7. Resolution used for the linear and nonlinear simulations included in this paper. For nonlinear simulations, approximately 1 poloidal
turn is used to ensure that Ak, = Ak,, the exact length of the flux tube is given in table 1. For LHD, N, = 97 grid points are used in
nonlinear simulations to account for its more detailed magnetic field structure. The Fourier grid corresponds to a computational domain of
Ly = Ly = 94p; with Ny = Ny, = 91 grid points in real space, here p; is the ion-Larmor radius.

Parallel grid Fourier grid Velocity grid
Npol N, ke pi kypi N, N, Y| /Vth,.\‘ VJ_/Vth,.v NV” Ny,
Linear 3 513 0 [0.125,2.00] 0 >20 [—3.0,3.0] [0.0, 3.0] 128 24
Nonlinear ~1 49 [0.067,2.00] [0.067, 2.00] 61 31 [—3.0,3.0] [0.0, 3.0] 48 12
60{ BC A
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60 1
AUG NCSX
= 40 = 108
00 o0
g g
N N.:49 — 97 3
S 204 X N:12 - 24 SEE
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Figure 28. Convergence checks by increasing the nonlinear resolution parameters one by one, considering a/Ly, = 3.0 and a/Lz, = 0.0,
corresponding to the simulations in figure 15. For LHD, the parallel resolution is increased from N, = 97 to 193.

The nonlinear resolutions have been obtained from very
rigorous convergence checks performed in W7-X for differ-
ent sets of density and ion temperature gradients. The same
resolution has been used for the other five devices, checking
the validity of the choices by doubling the resolution para-
meters one by one, and examining the effect on the ion heat
flux, which is shown in figure 28. Here the black lines repres-
ent the ion heat fluxes presented in figure 15. First tests for
LHD revealed that N, =49 is too low in order to resolve its
detailed magnetic field structure (figure 4). Therefore, a resol-
ution of N, = 97 is used for LHD and it is doubled to N, = 193
in figure 28.

The error bars in figure 28 represent the standard mean
deviation on the time trace of the simulation, taken between
tveni/a =500 and tv ;/a = 1000, where the heat fluxes are
saturated. In the simulations run with higher resolutions
(colored markers), an ion heat flux has been obtained which
falls within the error bars of the original simulations, hence
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the resolution used in this work produces reliable heat fluxes.
Only in W7-X does the resolution in the perpendicular (ky, &y )-
grid change the ion heat flux beyond the error bars, nonethe-
less, the change is not significant and it does not influence the
conclusions drawn in this paper.

Appendix B. Frequency as a function of the radial
and binormal wavenumbers

In figure 7 the growth rates are shown as a function of the radial
and binormal wavenumbers (section 5.1). The correspond-
ing frequencies of these instabilities are shown in figure Al.
For flat density profiles (left column) only positive frequen-
cies are observed for all considered (., ky)-modes. When the
density gradient is increased to a/L, = 2.0 (middle column),
slightly negative frequencies appear in TJ-II and W7-X around
kypi = 0.0. Finally, negative frequencies are observed in every
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Figure A1. Normalized frequency as a function of (k«pi,kypi) for a/Ly, = 3.0, a/Ly, = 0.0 and a/L, = 0.0 (left column), a/L, = 2.0
(middle column) and a/L, = 4.0 (right column). The most unstable mode is highlighted with a white cross.

device when considering a strong density gradient of a/L, =
4.0 (right column).

Appendix C. Wavenumber of the most unstable
mode as a function of the density gradient and the
ion temperature gradient

In section 5.5 the growth rates and frequencies of the most
unstable mode, considering k, = 0.0, k, < 2.0 and a/Ly, =
0.0, are shown in figures 13 and 14, respectively. The corres-
ponding wavenumber of the most unstable mode is shown in
figure B1. In NCSX and W7-X, the instabilities have smal-
ler perpendicular scales (larger kyp;) as the density gradi-
ent is increased. In contrast, in CBC, AUG, TJ-II and LHD,
the most unstable mode retains large perpendicular scales
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when increasing the density gradient. Note that for W7-X,
NCSX and LHD, the most unstable modes in the bottom right
corners, are found at the end of our scanned range of k,p;
values. Therefore, the growth rates and frequencies shown
in figures 13 and 14 do not correspond to a peak in the
v(kypi) spectra. This is the reason why the frequency spec-
trum of NCSX has such negative frequencies in the bottom
right corner. If one would increase the scanned k,p; values,
the most unstable mode would be found further along the fre-
quency branch, for higher, and possibly positive, frequencies.
Nonetheless, we restricted the linear studies to k,p; < 2.0 to
remain on ion scales.

On top of each kypi(a/L,,a/Lr,) tile, the paralle]l mode
structure of the most unstable mode is shown, by plotting
the potential squared along the field line, plotted in white
if it is confined to the first poloidal turn, or in green if the
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Figure B1. Binormal wavenumber, k, p;, of the most unstable mode for kyp; = 0.0 and kyp; < 2.0, as a function of the normalized density
gradient and the normalized ion temperature gradient, considering a vanishing electron temperature gradient. On top of each
kypi(a/Ln,a/Lr,) tile, the parallel mode structure of the most unstable mode is shown, by plotting the potential squared along the field line,
plotted in white if it is confined to the first poloidal turn, or in green if the mode extends up to three poloidal turns.
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mode extends up to three poloidal turns. It can be seen that
in CBC and AUG, the binormal wavenumber of the most
unstable mode and its parallel mode structure change con-
tinuously throughout the scanned gradients. Similarly, in TJ-IT
and NCSX the binormal wavenumber and parallel mode struc-
ture change continuously for most of the scanned gradients,
however, for some adjoining tiles, the mode changes rather
strongly. Nonetheless by going from any tile A to tile B by first
passing through other adjoining tiles, the changes are continu-
ous. When looking at the ~y(k,pi) spectra (not shown here) this
corresponds to a single peak in 7y(kypi) which slowly splits
up into two peaks as the gradients are modified. Finally, for
LHD and W7-X clear jumps between distinct modes can be
observed. Specifically, in W7-X, extended modes with both
large and small perpendicular scales show up along a/L, ~
a / L’ri.
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