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Abstract
Power balance analysis is used to compile an experimental database of turbulent heat transport
in various plasma scenarios at the stellarator Wendelstein 7-X. As figures of merit for turbulence
suppression, turbulent transport coefficients χe, χi and χeff are defined. The database spans a
broad parameter range covering different fueling schemes, heating power values and sources as
well as different magnetic configurations of W7-X. This paper seeks out correlations with main
turbulence drivers to identify modes responsible for turbulent transport. ITG modes are thought
to dominate the turbulent transport in W7-X. These modes are driven by a steep ion temperature
gradient and suppressed by a density gradient, quantified by the parameters a/LTi and a/Ln
(Beurskens et al 2021 Nucl. Fusion 61 116072). Experiments with neutral beam or hydrogen
pellet injection allow to increase the central density and thereby create steep density gradients.
The database unveils a characteristic dependence of the turbulent transport coefficients on a/Ln
and a/LTi, which is evidence for the prevalence of ITG modes. In plasmas with suppressed ITG
modes, turbulent transport is reduced to near zero in the ion channel, but a residual level remains
in the electron channel. Possible responsible modes are discussed. Global confinement time
normalized to ISS04 is calculated independently from the power balance analysis, using
diamagnetic loops and interferometry. It decays with increasing turbulent transport coefficients
in the database and shows only minimal scatter. This serves as a cross-check for the power
balance analysis. All plasmas achieving a normalized confinement time over one feature an
increased density gradient. The modular coil system of W7-X opens up a wide space of
magnetic configurations, including low and high magnetic mirror, low and high rotational
transform ι as well as low shear. The configuration dependence of turbulent transport is
discussed.
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1. Introduction

The advanced stellarator Wendelstein 7-X is optimized
with regards to minimized losses due to collisional trans-
port of trapped particles, known as neoclassical transport.
Substantially reduced neoclassical transport has been demon-
strated in experiments [1]. As a consequence of the neoclas-
sical optimization, the dominant remaining loss channel is
turbulent transport, which is caused by a variety of differ-
ent plasma instabilities. In the following, the most relevant
instabilities for the W7-X experiment are briefly introduced,
including ion temperature gradient modes (ITGs), electron
temperature gradient modes (ETG), trapped electron modes
(TEM) and kinetic ballooning modes (KBM).

ITG, ETG and TEM are classified as drift wave instabilit-
ies. Configurations of W7-X appear quite prone to ITG driven
instabilities. Thesemodes become destabilized above a critical
boundary of the inversed Ti gradient length (a/LTi) [2–5],

a/LTi =− a
Ti

dTi
dreff

. (1)

The density gradient driven drift wave mechanism com-
petes with ITG growth [5]. Hence, the strongest mechanism to
suppress ITG modes is a pronounced electron density gradi-
ent, quantified by the parameter a/Ln, which offers a path to
improved confinement,

a/Ln =−a
n

dn
dreff

. (2)

A common criterion for ITG stability is linked to the para-
meter η, which has to be below a certain critical value [2],

η =
d(lnTi)
d(ln n)

. (3)

In W7-X, ITG modes are partially responsible for the so-
called ion temperature clamping, which limits the central ion
temperature to approximately 1.5 keV in a wide range of scen-
arios. ITG turbulence is further exacerbated by the ratio of
Te/Ti, which enhances ion turbulent transport especially in
ECR heated plasmas [6].

In addition, the ambipolar electric field can play a second-
ary role to ITG suppression via the induced E×B-shear [7,
8]. Strong electric field shear in the edge pedestal of tokamaks
leads to turbulence suppression responsible for the H-mode.In
stellarators, large electric field gradient and E×B shear could
be reached near to the transition from electron root to ion root
and mitigate turbulence [9], however has yet to be demon-
strated experimentally.

ITG modes are on the spatial scale of the ion gyroradius,
therefore ITG-driven turbulent transport is expected to scale
with the magnetic field and temperature like the ion gyrora-
dius, known as gyro-Bohm scaling [10]. The effect of ITG
modes on turbulent transport in W7-X has been modeled in
gyrokinetic simulations [11]. Non-linear GK simulations show
a very clear reduction of turbulent transport in with density
gradient in W7-X, which is in contrast to other stellarator

configurations [12]. First-principle profile predictions find that
ion temperature clamping in W7-X is primarily due to ineffi-
cient thermal electron-ion coupling in a turbulence-dominated
regime, while at high Te/Ti the clamping is exacerbated by
turbulence stiffness connected to ion-scale turbulence [13].

ETGs are driven by a mechanism analogous to ITGs, being
destabilized by the ETG and stabilized by the density gradient
[5],

a/LTe =− a
Ti

dTe
dreff

. (4)

They are on the scale of the electron gyroradius, leading
to the expectation that ETG-driven turbulent transport is sev-
eral orders of magnitude smaller than for ITGs [3]. However,
the formation of elongated vortices called streamers can lead
to very effective transport [14]. It is found in simulations that
they may cause ion scale turbulence in the electron channel,
that can dominate turbulent transport in improved performance
scenarios [15].

TEMs can be driven by density gradients or ETGs and rely
on particles trapped in a magnetic well. W7-X is stable against
the density gradient driven type [5, 16]. TEMs can cause heat
transport in both the electron and ion channel [3]. Gyrokinetic
studies show a dominant role of density gradient driven TEMs
in the optimized quasi-helically symmetric stellarator HSX
[17] and a geometry-dependent TEM stabilization at high col-
lisionality in DIII-D, HSX and W7-X [18].

At low collisionalities, TEM combined with ITG modes
account for the turbulent transport in W7-X. Doppler reflec-
tometry shows reduced core fluctuations in low collisionality
plasmas, while turbulent transport is unchanged. This is likely
due to a shift from ITG mode to TEM activity, which is not
picked up by Doppler reflectometry due to the different tor-
oidal location [19, 20].

In this paper, the measure for collisionality is the normal-
ized collisionality ν∗, with the major radius R, rotational trans-
form ι, electron thermal velocity ve and the collision frequency
ν [21],

ν∗ =
R ν
ι ve

∼ ne
T2e

. (5)

It is proportional to the electron density ne and the inverse
electron temperature Te squared.

The aforementioned instabilities stem from electrostatic
effects. In contrast, ballooning modes are fundamental MHD
instabilities in toroidal geometry, caused by the product of
the magnetic field curvature and the pressure gradient [22].
Including kinetic effects leads to the theory of KBMs [23].
KBMs exhibit a sharp threshold in plasma β above which they
become destabilized [4]. At high plasma pressure, ITG and
TEMmay be suppressed due to finite-β effects andKBMsmay
become responsible for turbulent transport [24].

Turbulent transport driven by gyroradius-scale instabilities
without long-range coupling is expected to scale according to
the gyro-Bohm scaling [25]. It follows from a random walk
assumption, where the step size is the gyroradius and the step
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frequency is the drift frequency [3]. Gyro-Bohm like temperat-
ure scaling has been confirmed in discharges with reduced tur-
bulence atW7-X [26]. Heat fluxes and transport coefficients in
both experiment and theory are commonly normalized to the
associated heat flux qgB and transport coefficient χgB,

qgB = n T
r2L cs
a2

∼ n T5/2

a2 B2
(6)

χgB =
r2L cs
a

∼ T3/2

aB2
. (7)

The magnetic configuration space of W7-X offers several
degrees of freedom. This work considers the magnetic mir-
ror ratio ϵeff and the rotational transform ι, which can be var-
ied to a low- and high mirror configuration, several low- and
high ι configurations [27] as well as a low shear configura-
tion. The configuration in the middle of this parameter space
is called the standard configuration. Some intermediate con-
figurations between standard and high ι behave as limiter con-
figurations with internal magnetic islands. These are proven to
have improved global confinement compared to the standard
configuration [27].

Turbulent transport and its driving instabilities have been in
the focus of magnetic confinement fusion research for several
decades. They can be studied by an array of different experi-
mental methods.

Firstly, power balance analysis involves balancing all
known energy sources and sinks against the heat flux in a
plasma, such that energy continuity is fulfilled. It requires
high-quality plasma profiles as well as modeling of the heat-
ing sources, calculation of neoclassical losses and subtrac-
tion of radiated power, while unaccounted losses are attrib-
uted to turbulent transport. This allows to extract turbulent
heat fluxes and turbulent transport coefficients. Multiple stud-
ies have applied power balance analysis to W7-X before [20,
28], also in direct comparison to the Heliotron LHD [29].
Major findings are that ITG modes are a prominent instabil-
ity in both devices, with neoclassical transport being domin-
ant in LHD and turbulent transport dominating inW7-X. There
have been more power balance studies focused on the stellar-
ators Heliotron-J [30–32] and HSX [33], for both of which
significant turbulent transport is found. Furthermore, the same
approach is also known from tokamak experiments including
DIII-D [34], which also identified ITG modes as a turbulence
driver [35], JET [36], which included the time derivative of
the thermal stored energy [37] as well as ASDEX Upgrade
[38, 39], EAST [40], JT-60 [41, 42] and KSTAR [43].

Another method to determine turbulent transport coeffi-
cients is heat pulse propagation. Electron heat pulse studies
utilize a modulation of microwave heating power to modify
the local ETG. An electron temperature diagnostic with suf-
ficient time resolution like the electron cyclotron emission
(ECE) diagnostic measures the evolution of Te. Solving the
heat transport equation yields electron transport coefficients
[44]. A study at LHD has compared turbulent transport coeffi-
cients obtained by ECRH modulation and power balance ana-
lysis, with good agreement [45].

Similarly, ion heat transport can be determined by
observing ion temperature fluctuations in neutral beam experi-
ments. This has been reported in conferences [46, 47] and suit-
able high-speed spectrometers were recently installed atW7-X
[26].

Plasma turbulence is accompanied by density fluctuations,
which can be measured with a reflectometer [20] and other
methods such as phase contrast imaging (PCI) [48]. Doppler
reflectometry has been used in a study on turbulence in differ-
ent W7-X scenarios on the basis of density fluctuations. In a
similar fashion to this paper, it has sought correlations of dens-
ity fluctuations with the parameters a/Ln, a/LTi, a/LTe, Te/Ti,
Er and ν [19].

In addition to measurements of turbulent heat transport,
there are methods to evaluate turbulent particle and impurity
transport. Similar to power balance analysis, turbulent particle
transport can be inferred from the particle continuity equation
[49]. The active charge exchange recombination spectroscopy
(CXRS) diagnostic can determine diffusion and convection
coefficients of one-dimensional impurity transport with help
of the pySTRAHL code [50]. Impurity transport can further-
more be monitored with the concentration of tracer ions intro-
duced by the laser blow-off (LBO) technique [51, 52].

This paper sets out to create an extensive experimental data-
base of turbulent transport coefficients in various plasma scen-
arios at Wendelstein 7-X, obtained from power balance ana-
lysis. It covers different fueling schemes, heating power values
and methods as well as different magnetic configurations and
seeks out correlations with main turbulence drivers to identify
modes responsible for turbulent transport. Central densities
range from 2×1019 m−3 to 2×1020 m−3 with ECR heating
power between 500 kW and 7MW. The analysis supports the
dominant role of ITG turbulence for heat transport in W7-X.

The paper is organized as follows. In the second chapter,
details and caveats of the power balance analysis used for the
database are laid out. Plasma scenarios of suppressed turbu-
lent heat transport are discussed in detail in the third chapter.
Correlations in the experimental database are discussed in
the fourth chapter. The findings are concluded in the fifth
chapter.

2. Methodology

Power balance analysis requires high-quality plasma profiles
and information on heating sources. For the analysis presen-
ted in this work, electron density and temperature data are
acquired by the Thomson scattering diagnostic [53–55]. Ion
temperatures are taken from the x-ray imaging crystal spec-
troscopy (XICS) or CXRS diagnostics.

XICS relies on diagnostic injection ofArgon gas tomeasure
the Doppler broadening of characteristic x-rays from Ar16+.
Tomographic inversion of multiple line integrated measure-
ments generates temperature profiles [56, 57]. There appears
to be an offset of 0–300 eV in ion temperatures measured
with XICS. Near the plasma edge Ti must be equilibrated
to Te, otherwise unphysically large collisional heat exchange
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occurs [58]. The offset in XICS is corrected to match the elec-
tron temperature in the outer half radius as well as CXRS, if
available [59].

Active CXRS is based on charge exchange between injec-
ted neutral particles and the intrinsic impurity carbon. The pro-
cess leaves carbon ions in an excited state with subsequent
emission of characteristic light in the visible range. From
Doppler broadening of this emission, CXRS measures ion
temperatures in localized measurement volumes and allows to
construct profiles.

Because of the well established spectral measurement tech-
niques in the visible range and the local nature of the meas-
urements, CXRS often provides more accurate profiles than
XICS. However, CXRS is only available in discharges with
neutral beam injection (NBI) or diagnostic neutral beam
blips [59, 60]. Ion temperature profile fits are produced from
CXRS, XICS or the combination of both diagnostics, based on
availability.

There are two substantial heating systems in use at W7-X:
electron cyclotron resonance heating (ECRH) and NBI.

The ECRH beam has a Gaussian power density profile [61].
For the power balance analysis, ECRH power is taken from
machine parameters and microwave absorption is approxim-
ated by a Gaussian in reff, centered on the magnetic axis [58].
In the presented database plots, the ECRH absorption zone is
excluded. A more precise microwave power deposition profile
can be attained with a ray tracing code such as TRAVIS [28].

Fast ion birth profiles due to NBI heating are calculated
with a beam model that solves a collisional-radiative model
using Bayesian inference from beam emission spectroscopy.
Acceleration voltage, current and intensity fraction of each
energy component of the neutral beam are deduced from
the neutralizer spectroscopy [58]. From the fast ion birth
rates of each energy component, power fractions deposited to
electrons and ions are obtained by analytical slowing-down
calculation [62]. The beam model neglects fast ion drifts and
losses. In a validation against BEAMS3D [63], the beam
model found 12% higher power for electrons and 19% higher
power for ions [58].

A Bolometer system measures power losses due to plasma
radiation. The radiation profile needed for power balance ana-
lysis is obtained from tomographic inversion [64, 65].

Twoweb-applications facilitate the data analysis. The dens-
ity and temperature profiles are mapped to a magnetic equilib-
rium reconstruction from the variational moments equilibrium
code (VMEC) [66] and fitted as functions of effective minor
radius with the web-app Profile Cooker [58]. Monte–Carlo
sampling allows propagation of the fit uncertainties in the
power balance analysis. Solving the power balance equation
and organizing the results into a database is handled by the
web-app Power House [58].

Neoclassical transport needs to be subtracted from the
power balance in order to isolate the turbulent transport. In
general stellarators, a radial electric field arises to balance
the neoclassical fluxes of positive and negative charges to
fulfill the condition of ambipolarity. This may yield an ion
root and an electron root solution [67]. Within the web-app

Power House, neoclassical particle and heat fluxes alongside
the ambipolar electric field are computed with the neoclassical
code Neotransp [1, 68] by integrating mono-energetic trans-
port coefficients obtained from the drift kinetic equation solver
(DKES) [66, 69] over a Maxwellian distribution.

In the presence of both root solutions, Neotransp models
the electric field by a thermodynamic approach minimizing
the total heat production from rotation shear and neoclassical
transport, which has the form of a diffusion equation (8) [67],

∂Er

∂t
− 1
V ′

∂

∂reff
DE V

′ reff
∂

∂reff

Er

reff

=
|e|
ϵ
(ΓNC,e−Zi ΓNC,i) . (8)

The free parameter DE controls the width of the root trans-
ition area. Electric fields obtained with DKES were validated
against other neoclassical codes and measurements by the dia-
gnostic XICS at W7-X [70], as well as compared to CXRS
measurements [71]. A global, self-consistent simulation [72]
with the gyrokinetic code EUTERPE [73] found good agree-
ment with Neotransp for the electric field root solutions, while
in the root transition region the gradient of Er could be repro-
duced by equation (8) for suitable DE [58].

For the heat fluxes in the power balance analysis in this
study, the electron root solution is used where the obtained
electric field is positive and the ion root solution where the
electric field is negative.

Centerpiece of the analysis is the power balance equation,
which derives from an energy continuity equation,

∂Ekin

∂t
=−(qNC + qturb)V

′ +Pheat +Pexchange −Prad. (9)

Pheat is determined for ECRH and NBI as described above,
Prad byBolometer, while ∂Ekin

∂t andPexchange are calculated from
kinetic profiles. qNC is calculated by Neotransp and V ′ comes
from the VMEC equilibrium. Once all other contributions to
the power balance are ascertained, the turbulent heat flux qturb
can be extracted. The radially resolved power balance equation
is solved for electrons, ions and the single fluid plasma.

A diffusive model is chosen for turbulent transport, which
is in line with other experimental works [6, 26, 29]. From tur-
bulent fluxes, turbulent transport coefficients are defined,

χe =−qturb,e
ne T ′

e
(10)

χi =−qturb,i
ni T ′

i

(11)

χeff =− qturb
neT ′

e + niT ′
i

. (12)

These transport coefficients serve as figures of merit for
turbulent transport in a given plasma scenario, so they can
be compared for relevant plasma parameters and magnetic
configurations in the database. Heat fluxes as well as turbu-
lent transport coefficients are to be understood as flux surface
averaged [58].
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Table 1. Numbers of data points with available χeff, itemized by heating and fueling scheme as well as magnetic configuration.

Pure ECRH Pure NBI ECRH+NBI ECRH+pellets

Standard 58 3 17 58 136
High mirror 42 12 13 6 73
Low mirror 8 3 21 2 34
High ι 85 2 5 14 106
Low ι 26 0 2 1 29
Low shear 7 0 2 0 9

226 20 60 81 387

Table 2. Numbers of data points with available χe and χi, itemized by heating and fueling scheme as well as magnetic configuration.

Pure ECRH Pure NBI ECRH+NBI ECRH+pellets

Standard 49 0 15 49 113
High mirror 38 0 12 5 55
Low mirror 8 0 20 2 30
High ι 75 0 3 13 91
Low ι 22 0 2 1 25
Low shear 7 0 0 0 7

199 0 52 70 321

To avoid problems with vanishing profile gradients and
highly localized power deposition near the magnetic axis, as
well as interaction with neutral gas and PFCs, determination of
transport coefficients is generally limited to the range of 0.1m
⩽ reff ⩽ 0.4m [58]. By comparison, the effective minor radius
of W7-X extends to roughly reff = 0.5m and depends on the
magnetic configuration.

At radial positions where electron and ion temperatures
are too close together to separate due to diagnostic accur-
acy, they are assumed to be equilibrated, since a small dif-
ference in a large volume near the plasma edge would lead to
an unphysically large collisional heat exchange term Pexchange

[58]. In many cases with direct ion heating through NBI,
density is high while electron and ion temperatures are close
together even on the magnetic axis. This leads to large uncer-
tainty in the collisional heat exchange term Pexchange, so
that χe and χi cannot be disentangled [59]. For such cases,
only the effective turbulent transport coefficient χeff can be
measured.

The presented database contains discharges from 2018 to
2025, corresponding to the operation phases OP1.2b, OP2.1.,
OP2.2 and OP2.3. Analysis of further discharges from OP2.2
and OP2.3 is still ongoing. It includes hydrogen discharges
fueled by gas inlet as well as neutral beam and pellet injec-
tion. Heating is provided by ECRH, NBI or combinations of
both. In total, the database comprises 387 data points repres-
enting different time points from 175 W7-X discharges. In a
reduced database eliminating cases where χe and χi cannot
be separated and only χeff is available, 321 data points from
156 discharges remain. Tables 1 and 2 hold the numbers of
data points itemized by heating and fueling scheme as well
as magnetic configuration, for the total database with avail-
able χeff in table 1 and for the reduced database with available
χe/χiin table 2.

3. Experimental data and plasma scenarios

In order to illustrate different plasma scenarios found in the
database, this section presents three discharges in detailed
plots. This includes the density and temperature profiles,
the corresponding inverse gradient lengths, ambipolar elec-
tric field and field gradient as well as the turbulent trans-
port coefficients obtained by power balance analysis. The
latter are also compared to the gyro-Bohm scaled trans-
port coefficients χgB. Raw profile data are omitted for clar-
ity, the fits of density and temperature with uncertainties
based on Monte–Carlo sampling were created in the web-
app Profile Cooker [58]. The radial range of the profiles
extends from the magnetic axis to the LCFS of W7-X, reff ≈
0.5m. Reliable power balance analysis is possible within 0.1m
⩽ reff ≤ 0.4m [58].

Figure 1 shows W7X20180920.013, a 4.7 MW ECR-
heated and gas fueled discharge in standard configuration
(EJM001+252). This case serves as a benchmark without tur-
bulence suppression that has a long, stationary averaging time
window, which is favorable for profile quality. The density
profile is largely flat with a/Ln smaller than a/LTi through-
out the radius and the ion temperature is in the typical clamp-
ing limit. Neotransp finds an ambipolar electric field purely
in ion root, with small values within ±10 kVm−1 and a small
field gradient. Turbulent transport appears to be dominated
by the ion channel, χi is in the same order of magnitude
as the gyro-Bohm scaling coefficient and χe is smaller at
≈ 0.5m2s−1.

Figure 2 shows the 4.6 MW ECR-heated, pel-
let fueled, standard configuration (EJM001+252) case
W7X20181016.037. In such discharges a series of hydro-
gen pellets is injected to raise the core density. The time point
of the analysis is chosen at the peak performance, which is
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Figure 1. Power balance analysis of W7X20180920.013. Standard
configuration (EJM001+252). Color bands represent uncertainties
of ± 3σ. (a) Electron/ion density (green, solid line), electron
temperature (red, dashed line) and ion temperature (blue, dotted
line). (b) Inversed gradient lengths of electron/ion density (green,
solid line), electron temperature (red, dashed line) and ion
temperature (blue, dotted line). (c) Ambipolar electric field (green,
solid line) and electric field gradient (orange, dashed-dotted line).
(d) Turbulent transport coefficients of electrons (red, dashed line),
ions (blue, dotted line) and effective (green, solid line) compared to
gyro-Bohm scaling (orange, dashed-dotted line).

reached transiently after the pellet injection phase [28].This
plasma is characterized by a large core density with a steep
density gradient and increased a/Ln. Ion temperature clamp-
ing is overcome in this shot at Ti ≈ 3 keV. The electric field
is strongly negative (ion root), however with only a small
gradient. Turbulent transport in the ion channel is suppressed
to almost zero, which can be attributed to the effect of the
density gradient. The electron transport is less affected by the
density gradient and remains at the same level of≈ 0.5m2s−1

as in W7X20180920.013. Due to the higher ion temperature,
the gyro-Bohm scaling coefficient is increased compared to
W7X20180920.013 and is an order of magnitude greater than
χeff at mid radius.

During post-pellet phases in W7-X, a reduced amplitude of
density fluctuations indicating turbulence suppression is found
with Doppler reflectometry [74]. A pellet-induced improve-
ment of confinement and central ion temperature has also been
reported from the stellarator TJ-II [75].

The third detailed discharge is W7X20221123.003 in
figure 3, which is a stationary low-power 1.5 MW ECR-
heated, gas fueled case, following a boronization of the first
wall. The magnetic configuration is high ι (FTM001+2512),

Figure 2. Power balance analysis of W7X20181016.037. Standard
configuration (EJM001+252). For color coding see figure 1.

which does not have internal islands [27]. This case fea-
tures much smaller central electron density with a/Ln also
small in the center, but a spontaneous density gradient devel-
ops in the radial range of reff > 0.2m, which significantly
improves plasma performance. Such plasmas scenarios can be
maintained for multiple seconds. Once again, this discharge
overcomes the typical ion temperature clamping limit and
reaches Ti ≈ 2 keV. The electric field near the center is in elec-
tron root and transitions to ion root between reff = 0.15 to
0.2m. In the transition area, a strong, negative electric field
gradient is found. There is clear turbulence suppression both
for both electrons and ions, which is near complete for the
ions in the area of the root transition and χgB is again far
greater than the found turbulent transport coefficients. Note
that the neoclassical transport is overestimated near to the root
transition due to the underlying drift kinetic approximation
[58], which leads to underestimated turbulent transport.
However, this does not affect the measurements at other radial
positions.

First wall coating improves density control because it
reduces hydrogen outgassing. This has also been reported for
TJ-II before, in that case yielding better results with lithium
than boron [76].

In both the pellet fueled and post boronization cases, the
inverse density gradient length is above unity in a wide range.
This allows for ITG suppression and explains the reduced tur-
bulent transport coefficient especially in the ion channel. In
contrast, W7X20180920.013 exhibits smaller a/Ln and sub-
sequently larger transport coefficients.
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Figure 3. Power balance analysis of W7X20221123.003. High ι
configuration (FTM001+2512). For color coding see figure 1.
Added in (c) electron root (red, dashed line), ion root (blue, dotted
line).

4. Database results

This section summarizes dependencies of the turbulent trans-
port coefficients on physical parameters in overview plots.
The plots contain data points, each of which represents a
time point of a discharge in the power balance database.
χe, χi and χeff in all plots are turbulent transport coeffi-
cients with neoclassical transport subtracted. All data points
are evaluated at reff = 0.25m, which is roughly half of the
minor radius of W7-X and allows for accurate power bal-
ance analysis andmeaningful comparison of plasma scenarios.
Magnetic configurations are indicated by the symbols in all
the plots, error bars correspond to three times the standard
deviation (± 3σ).

To give an overview of turbulence suppression with density
and ion temperature gradient lengths, figure 4 shows a scatter-
plot of a/Ln and a/LTi with χeff/χgB color-scaled.

Figure 5 compares the turbulent heat flux qturb to the neo-
classical heat flux qNC.

Data points with relatively small turbulent transport seem to
aggregate in the area of a/LTi < 1.5 and small a/Ln, while the
lowest χeff/χgB are exclusively found at a/Ln > 1. Doppler
reflectometry yields similar trends of the density fluctuation
amplitude with a/LTi and a/Ln [19].

Turbulent transport found in the database typically exceeds
neoclassical transport by more than a factor of 10, only some
turbulence suppressed scenarios with a/LTi < 1.5 and small
a/Ln > 1 form an exception, as seen in figure 5.

Figure 4. Scatterplot of gyro-Bohm normalized effective turbulent
transport coefficient χeff/χgB color-scaled over inverse density
gradient length a/Ln and inverse ion temperature gradient length
a/LTi. Error bars represent uncertainties of ± 3σ, reff = 0.25m.

Figure 5. Scatterplot of turbulent- divided by neoclassical heat flux
qturb/qNC color-scaled over inverse density gradient length a/Ln and
inverse ion temperature gradient length a/LTi. Error bars represent
uncertainties of ± 3σ, reff = 0.25m.

Since the dependencies on a/LTi and a/Ln are fundament-
ally important, they are also illustrated by slicing and project-
ing the plot in figure 4 to the corresponding axis. Figure 6
shows χeff/χgB over the inverse density gradient length a/Ln
for the data points with a/LTi > 1.5, where there is sufficient
coverage with data points across the full range of a/Ln. A
reduction in turbulent transport with inverse density gradi-
ent length is clearly apparent. There seem to be two distinct
transport regimes. χeff/χgB is roughly inversely proportional
to a/Ln for a/Ln < 1. For a/Ln > 1, χeff/χgB is low and nearly
constant. In this region, ITG modes are likely stabilized and
the remaining turbulent transport is due to another microin-
stability not correlated to the density gradient. This is further
illustrated with separated plots for the electron and ion channel
in figure 13 and 14 below.

Between a/Ln = 1 and 2, there are some outliers in the
high mirror configuration, for which the reduction in turbulent
transport is less effective. A strong reduction in turbulent is
only reached above a/Ln = 2 in the high mirror configuration.

Conversely, figure 7 plots χeff/χgB over the inverse ion
temperature gradient length a/LTi for all data with a/Ln < 1,
where the largest range of a/LTi is covered. Figure 7 shows a
trend to higher χeff/χgB at larger a/LTi, with values over one
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Figure 6. Scatterplot of gyro-Bohm normalized effective turbulent
transport coefficient χeff/χgB over inverse density gradient length
a/Ln, data points are limited to a/LTi > 1.5. Error bars represent
uncertainties of ± 3σ, reff = 0.25m.

Figure 7. Scatterplot of gyro-Bohm normalized effective turbulent
transport coefficient χeff/χgB over inverse ion temperature gradient
length a/LTi, data points are limited to a/Ln < 1. Error bars
represent uncertainties of ± 3σ, reff = 0.25m.

appearing at a/LTi > 1.5. However, there seems to be no crit-
ical change in transport regime, as well as no turbulence sup-
pression as strong as with a/Ln. The values of a/LTi appear
more widely scattered than for a/Ln, which could be caused
by off-axis NBI heating in some discharges or the comparat-
ively weak profile stiffness in W7-X.

To further investigate correlations in the large cloud of data
points which are not subject to strong turbulence suppression,
the following figures are color-scaled for a/Ln.

Figure 8 shows the dependence ofχeff/χgB on the temperat-
ure ratio Te/Ti. At low Te/Ti ratio, there is a wide distribution
of χeff/χgB values, while for a large ratio χeff/χgB seems to
converge to a value near 0.6. No clear exacerbation of turbulent
transport with increasing Te/Ti can be seen in the database.
A possible dependence of Te/Ti is likely masked by stronger
parameter dependencies like that with the temperature gradi-
ent. Therefore, to measure the Te/Ti effect, a carefully con-
ducted set of experiments with well controlled profile gradi-
ents would be necessary. Yet, this effect does not seem to be
dominant in the database.

There are no data in the space of Te/Ti < 1, which is inac-
cessible with the heating capabilities ofW7-X. Doppler reflec-
tometry also finds no clear trend of density fluctuations with
Te/Ti [19].

Figure 8. Scatterplot of gyro-Bohm normalized effective turbulent
transport coefficient χeff/χgB over temperature ratio Te/Ti, a/Ln as
color-scale. Error bars represent uncertainties of ± 3σ,
reff = 0.25m.

Figure 9. Scatterplot of gyro-Bohm normalized effective turbulent
transport coefficient χeff/χgB over inverse electron temperature
gradient length a/LTe, a/Ln as color-scale. Error bars represent
uncertainties of ± 3σ, reff = 0.25m.

Figure 9 contains a plot of χeff/χgB over the inverse ETG
length a/LTe.

No turbulence suppression with a/LTe can be observed.
However, the presence of ETG modes cannot be excluded
based on this, since the range of a/LTe is much smaller than
that covered by a/LTi, with few data points at a/LTe < 2.

In figure 10, χeff/χgB is plotted over the normalized colli-
sionality ν∗. There is a recognizable trend to increasing turbu-
lent transport at the highest collisionality values. This is in con-
trast to the expected behaviour for TEMs, which are thought
to be suppressed at high collisionality, and also to the experi-
mental finding that TEMs combined with ITG modes lead to
transport unchanged by collisionality [20]. This disagreement
alone does not necessarily exclude the TEM instability, but
may be caused by the temperature dependence in the gyro-
Bohm scaling, which correlates to the temperature depend-
ence in the collisionality. More discharges at high density and
consequently high collisionality are needed to further trace the
observed ν∗ trend.

Figure 11 shows a plot of χeff/χgB over the localized
plasma β at reff = 0.25m.

Low β yields a broad vertical spread of data points, while
turbulent transport for the highest β values close to 2% is con-
sistently reduced. This can be interpreted as the beneficial β
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Figure 10. Scatterplot of gyro-Bohm normalized effective turbulent
transport coefficient χeff/χgB over normalized collisionality ν∗,
a/Ln as color-scale. Error bars represent uncertainties of ± 3σ,
reff = 0.25m.

Figure 11. Scatterplot of gyro-Bohm normalized effective turbulent
transport coefficient χeff/χgB over localized plasma β, a/Ln as
color-scale. Error bars represent uncertainties of ± 3σ,
reff = 0.25m.

Figure 12. Scatterplots of gyro-Bohm normalized effective
turbulent transport coefficient χeff/χgB over global confinement
time τE, normalized to ISS04, a/Ln as color-scale. Error bars
represent uncertainties of ± 3σ, reff = 0.25m.

stabilization effect on electrostatic modes. However, it must
be noted that high β coincides with NBI and pellet fueled dis-
charges and thereby ITG-suppressed scenarios. Likely, high β
is only reached thanks to reduced turbulent transport in dis-
charges in the database. In any case, the highest plasma pres-
sure in the database is likely below the KBM threshold [24].

Figure 12 plots the normalized turbulent transport coeffi-
cient against the global confinement time τE, normalized to

Figure 13. Scatterplot of gyro-Bohm normalized electron turbulent
transport coefficient χe/χgB over inverse density gradient length
a/Ln, data points are limited to a/LTi > 1.5. Error bars represent
uncertainties of ± 3σ, reff = 0.25m.

the ISS04 scaling [77]. In addition, the inversed density gradi-
ent length is included as a color-scale.

Global confinement time decays with turbulent transport,
which is expected. All plasmas achieving a normalized con-
finement time over one, meaning higher than the ISS04 scal-
ing, feature an increased density gradient. There is only min-
imal vertical scatter, which moreover suggests a universal
physical behavior across heating and fueling schemes as well
as magnetic configurations. τE/ISS04 was previously found
to degrade with density at W7-X [78]. This effect is also
present the database. However, turbulence suppressed scen-
arios featuring high density break this trend. Some discharges
in low ι configuration appear shifted to the right from the cent-
ral cloud of points, close to χeff/χgB = 0.5 and τE/ISS04=
1. This may be caused by the ι dependence in the ISS04
scaling, which might not accurately capture the behavior
in W7-X.

Quantities used to calculate the confinement time are the
diamagnetic energy, measured by diamagnetic loops [79] and
the line integrated density, measured by interferometry [80].
Both of these are independent from the profile measurements
used in the power balance analysis. Since figure 12 confirms
the expected trend for turbulent transport, it serves as a cross-
check for the plausibility of the power balance analysis presen-
ted in this study.

To further investigate the role of electron an ion turbu-
lent transport, the reduced database with data points where
the transport channels are separable is considered. Figure 13
shows χe/χgB over a/Ln, figure 14 shows χi/χgB over a/Ln.
Data points are limited to those with a/LTi > 1.5 again.

In general, there is a clear turbulent transport reduction
with density gradient in both channels. Above the value of
about over a/Ln = 1, a baseline of about 0.5 gyro-Bohm units
remains in the electron channel, with some scatter among the
data points. Above a/Ln = 2, there a slight increase of elec-
tron channel turbulent transport, which is reminiscent of beha-
vior seen nonlinear gyrokinetic simulations [12]. Turbulent
transport in the ion channel is suppressed to nearly zero, with
very little scatter across all magnetic configurations, heating
and fueling schemes. Thus, turbulent transport in large density
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Figure 14. Scatterplot of gyro-Bohm normalized ion turbulent
transport coefficient χi/χgB over inverse density gradient length
a/Ln, data points are limited to a/LTi > 1.5. Error bars represent
uncertainties of ± 3σ, reff = 0.25m.

Figure 15. Scatterplot of electron- divided by ion turbulent
transport coefficient χe/χi over inverse density gradient length
a/Ln, data points are limited to a/LTi > 1.5. Error bars represent
uncertainties of ± 3σ, reff = 0.25m.

gradient cases, as seen in figure 4(b), is determined mainly by
the electron channel.

This behaviour is consistent with the dominant role of
ITG modes at small a/Ln. ITG modes can drive turbulent
transport in both channels, but they are completely stabil-
ized by the density gradient. The identity of the turbulence
driver for electron transport at a/Ln > 1 remains uncertain;
ETG modes or temperature gradient driven TEMs could be
responsible.

For additional visualization of the relation between the
turbulent transport channels of electrons and ions, figure 15
depicts χe/χi over a/Ln, a/LTi > 1.5.

5. Conclusion

In this paper, an extensive database of turbulent heat transport
for a broad parameter range of plasma scenarios is presented.
Dependencies of the turbulent transport on main physics para-
meters are studied. Plasma instabilities including ITG, ETG,
TEM and KBM are introduced together with their observable
driving parameters. The most important parameters for the tur-
bulent transport coefficients are found to be the normalized
gradients of density and ion temperature. A clear suppression

of the turbulent transport with a/Ln is universally found in the
database.

This suppression is most apparent in the ion channel of tur-
bulent transport and less pronounced in the electron channel,
such that the correlation is also reflected in the effective turbu-
lent transport coefficient χeff/χgB. The normalized ion trans-
port coefficient is roughly inversely proportional to a/Ln for
small density gradients and is nearly zero for a/Ln > 1. This
behaviour can be interpreted as either a continuous depend-
ency or a critical transition between two transport regimes at
a/Ln = 1.

In contrast, the normalized electron transport coefficients
remains at approximately 0.5 gyro-Bohm units for a/Ln > 1.
This residual electron transport can be due to ETG modes
or temperature gradient driven TEMs. With the experimental
methods at hand, the underlying instability cannot be decided.

A critical parameter of a/Ln = 1 is in agreement with find-
ings in other works regarding W7-X. NBI heated discharges
show a change of turbulent particle transport at a/Ln = 1.1
[49]. Out of a set of discharges with ECRH and NBI heating,
those with a/Ln > 1 at reff/a= 0.4 exhibit a reduction in tur-
bulent χ by a factor of 4 [26]. Turbulent impurity transport
changes with a critical parameter of a/Ln = 1, central peak-
ing of impurity density is absent up to a/Ln = 1 and increases
for larger values [81]. In simulations with the gyrokinetic code
stella, a decrease of mode growth between a/Ln = 1.25− 2.75
and a strong reduction of the ion heat flux with increasing
density gradients is found [12].

Since turbulence suppression with density gradient length
is present and equivalent across all heating and fueling
schemes in the database, the effect appears to be fundamental
to plasma physics, rather than being an artifact of machine
operation.

In addition, a trend to larger turbulent transport coefficients
with increasing a/LTi exists, although with no clear turbu-
lence suppression as with a/Ln. Discharges with off-axis heat-
ing may weaken the a/LTi trend. Doppler reflectometry yields
similar trends of the density fluctuation amplitude with a/LTi
and a/Ln [19].

These experimental findings are in agreement with theor-
etical predictions for ITG modes. This study demonstrates the
effectiveness of NBI and pellet injection for turbulence sup-
pression via density gradient peaking.

Selected plasma scenarios from the database with sup-
pressed turbulence are discussed in detail. An example dis-
charge showcases the reduced turbulence following pellet
injection.

A discharge at low power ECR heating following a boroniz-
ation of the first wall shows strongly reduced turbulent trans-
port. This can be attributed to spontaneous density gradient
formation following reduced hydrogen outgassing from the
first wall.

The temperature ratio Te/Ti does not strongly exacerbate
transport in the database. While such an effect is theoretically
expected, it may be masked by stronger parameter dependen-
cies like that with the temperature gradient. Experiments with
well controlled profile gradients would be necessary to meas-
ure the Te/Ti exacerbation.
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The ETG length is uncorrelated to turbulent transport in the
ITG dominated regime, which lends no direct evidence for the
influence of ETG modes.

There is a positive trend of χeff/χgB with the normalized
collisionality ν∗, which may be a result of the temperature
dependence in the gyro-Bohm scaling. More experiments at
high electron density and collisionality are needed to trace this
trend. Non-normalized turbulent transport is largely uncorrel-
ated to normalized collisionality in the database. Turbulent
transport being unaffected by collisionality is found in previ-
ous experimental studies and is not contradicting the presence
of TEMs [20].

A plot of χeff/χgB over the local plasma β at mid radius
shows a broadly scattered distribution, which allows no direct
conclusion on the presence of KBMs. In the considered para-
meter range, the dominant turbulent transport is likely due to
electrostatic instabilities. There appears to be a slight reduction
in the vertical spread of data points at high β, which coincides
with ITG suppressed scenarios. However, the highest β close
to 2%might still be too low to destabilizeKBMs [24], a bound-
ary which might be pushed further in future experiments.

Global confinement time normalized to ISS04 [77] is cal-
culated independently from the power balance analysis, using
diamagnetic loops [79] and interferometry [80]. As expected,
the global confinement time decays with increasing turbulent
transport coefficients in the database. There is only minimal
vertical scatter, which serves as a cross-check for the power
balance analysis. All plasmas achieving a normalized confine-
ment time over one feature an increased density gradient.

Turbulent transport found in the database typically exceeds
neoclassical transport by more than a factor of 10, except for
turbulence suppressed scenarios.

No clear difference in transport characteristic between the
standard, low mirror and high ι configurations can be extrac-
ted from the database. Configuration dependencies are over-
laid by the uncertainties of the plasma profiles, which have a
greater effect on turbulent transport. It appears that the turbu-
lence suppression is less effective in the high mirror configura-
tion, compared to the other configurations. A strong reduction
in turbulent is only reached above a/Ln = 2. For the low ι and
low shear configurations, the sample size of discharges with
turbulence suppression is too small to draw a final conclusion.

In intermediate high ι, limiter configurations found to have
improved global confinement time, one would expect a signi-
ficant alteration of turbulent transport [27]. This is probably
linked to a transport barrier localized at the internal islands,
with no visible effect around mid radius. A future publication
may be dedicated to resolving turbulent transport in such high
ι plasmas.

Lastly, the presented database contains discharges from
2018 to 2025, corresponding to the operation phases OP1.2b,
OP2.1., OP2.2. and OP2.3. Further experiments including
higher β values as well as helium-fueled plasmas may be
explored in future publications.
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[9] Kuczyński M et al (the W7-X Team) 2024 Nucl. Fusion
65 016019

[10] Manfredi G and Ottaviani M 1997 Phys. Rev. Lett. 79 4190
[11] Xanthopoulos P, Merz F, Görler T and Jenko F 2007 Phys.

Rev. Lett. 99 035002
[12] Thienpondt H, García-Regaña J, Calvo I, Acton G and

Barnes M 2024 Nucl. Fusion 65 016062
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