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In the Wendelstein 7-X magnetic confinement experiment, a reduction of ion-scale turbulent
density fluctuations as well as anomalous impurity diffusion is associated with a central peaking of
the plasma density profile. These effects correlate with improved confinement and appear largely
due to a reduction of anomalous transport as the change in neoclassical transport is shown to be
small. A decrease of turbulent heat flux with increased density gradients is in agreement with
nonlinear gyrokinetic simulations, and has been attributed to the unique geometric optimization of
W7-X that limits the severity of trapped electron modes.

Introduction The development of magnetic confine-
ment concepts towards a fusion reactor crucially relies
on a comprehensive understanding and control of particle
and energy transport processes. Transport based on bi-
nary collisions and drifts is generally not sufficient to de-
scribe the large transport coefficients inferred from exper-
iments. Particularly in tokamaks, radial transport based
on microturbulence driven by gradients of the kinetic
plasma profiles, i.e. electron and ion temperature as well
as plasma density, dominates radial plasma losses during
steady-state operation and limits the central plasma pa-
rameters (for a review see [1]). In low-beta plasmas, three
electrostatic instabilities govern turbulence, namely the
electron and ion temperature gradient (ETG/ITG) and
density-gradient-driven trapped electron modes (TEM).
These are characterized by their respecitve critical gra-
dient thresholds above which turbulent fluxes rapidly in-
crease. In tokamaks, it is commonly found that while
ETG and ITG are stabilized by an increasing density
gradient, TEM activity strongly increases and effectively
prevents density profiles from steepening further [2, 3].
This effect is commonly called profile consistency, re-
silience or stiffness, and has been reproduced by nonlinear
kinetic turbulence simulations.

The magnetic geometry of the Wendelstein 7-X (W7-
X) stellarator has been tailored for low NC transport
[4, 5], which allows transport driven by microinstabilities
to play a significant role in the regulation of particle and
energy fluxes across the confining magnetic field. This
paper reports core density turbulence investigations in
the W7-X stellarator and demonstrates that in peaked
density profile scenarios, ion-scale turbulence and its as-
sociated transport is suppressed, supporting improved
plasma confinement.

 

2

4

6

8

10
n[

m
3 ]

A B C D

XP20180904.027

 

2

4

6

8

10

P E
CR

H 
[M

W
]

 

0.25

0.50

0.75

1.00

1.25

W
di

a [
M

J]

 

0.25

0.50

0.75

1.00

1.25

n P
CI

 [a
rb

.u
ni

ts
]

0.5 1.0 1.5 2.0 2.5 3.0 3.5
t [s]

0

200

400

600

800

1000

f [
kH

z]

FIG. 1. W7-X experiment overview showing the line-
integrated density n̄ and heating power PECRH, the line-
integrated density fluctuations ñ measured by PCI and dia-
magnetic energy Wdia, and a spectrogram of PCI fluctuations.
Time points A-D indicated by vertical lines.

Turbulence evolution in peaked density scenarios
Plasma density peaking in W7-X is influenced both by
cryogenic pellet injection [6] or neutral beam injection
(NBI) [7]. In both discharge scenarios discussed here, ini-
tial plasma breakdown occurs by electron cyclotron heat-
ing (ECH) only. For the pellet-fueled scenario (Fig. 1) a
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FIG. 2. (a) PCI density fluctuation frequency and wavenum-
ber spectra at tA, (b) and (c) frequency-wavenumber spectra
at tA and tC, respectively. White lines indicate dominant
phase velocities.

sequence of pellets is injected into an initial line-averaged
density of n̄ = 3 · 1019 m−3 between tA = 1.0 s and
tB = 1.7 s, accompanied by an increase of the heating
power. The plasma density increases and reaches its peak
value at tB with n̄ = 8 · 1019 m−3, followed by a smooth
decrease. During this period, and distinctly after the end
of the pellet sequence, the plasma stored energy increases
sharply from Wdia = 0.3 MJ to a peak exceeding 1 MJ, a
value that has not been achieved in gas-fueled W7-X dis-
charges at equal densities [8], thereby indicating strongly
improved plasma confinement which lasts until tD [9].

The primary diagnostic for the detection of core turbu-
lent density fluctuations is phase contrast imaging (PCI)
[10]. PCI provides a signal whose magnitude is propor-
tional to the absolute, line-integrated density fluctuations
along a line of sight from the inboard to outboard side
through the magnetic axis, i.e. I ∝

∫
ñdl [11]. By imag-

ing 32 principally poloidally separated lines of sight, fluc-
tuations are resolved in both frequency and wavenumber
space on scales relevant to ion-scale (k⊥ρs ≈ 1) turbu-
lence. Fig. 1 shows the frequency-integrated PCI fluctu-
ation amplitude ñPCI as well as its spectrogram from a
single line of sight. Before and long after pellet injection
(t < tA and t > tD), the turbulent fluctuation spectra
are broadband and featureless, and their magnitude gen-
erally scales with Wdia. The pellet injection process itself
creates large density perturbations that show up as dis-
tinct spikes. Between tB and tD, fluctuations decrease
signficantly while the stored energy increases faster than
the density decreases. ñPCI reaches a minimum at tC,
after which broadband fluctuations set in that rapidly
descend in frequency spread as they increase in magni-
tude. As fluctuations increase, Wdia eventually decreases,
and fluctuation levels and spectra finally return to values
in line with results from gas-fueled discharges.

Figure 2 (a) displays the fluctuation amplitude spec-
trum over poloidal wavenumbers k⊥ and frequencies f at
the time point tA, showing broadband power law behav-
ior (when omitting the shaded low-k instrument limit
at k⊥ < 2.5 cm−1). The fluctuation power is predomi-
nantly located at ion scales, with k⊥ρs = 1 correspond-
ing to k⊥ ≈ 4 cm−1. Figures 2 (b) and (c) show the
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FIG. 3. Radial profiles of electron density, ion and electron
temperatures before and after density peaking.

combined frequency-wavenumber spectra, normalized to
unity at each frequency. Power is centered around a con-
stant phase velocity vph = 2πf/k⊥ in both positive and
negative direction as denoted by white lines, where the
sign of k corresponds to the propagation direction in di-
agnostic coordinates. We associate the phase velocities in
Fig. 2 (b) with fluctuations propagating with the E ×B
drift, where the two branches correspond to the inboard
and outboard side. Both sides are regions of bad cur-
vature at the toroidal location of the PCI in W7-X in
which drift-wave instabilities can develop and are picked
up along the single line of sight. The k-f spectra in
Fig. 2 (c) at tC when confinement is improved show repro-
ducible behavior not observed during regular gas-fueled
discharges: several distinct and simultaneous phase ve-
locities indicate a qualitative change in turbulence which
persists from tB to shortly before tD, when a single domi-
nant phase velocity is recovered and the situation is again
analogous to that before pellet injection.

The period of improved confinement and reduced fluc-
tuations is accompanied by a significant steepening of
the density profiles in the plasma core as documented in
Ref. [8]. Figure 3 shows radial density and temperature
profiles of an experimental program phenomenologically
similar to that shown in Fig. 1, before pellet injection
(tA) and when density fluctuations are at a minimum
(tC). The density profiles during gas-fueled ECH dis-
charges are flat throughout the plasma core, with a nor-
malized gradient of a/Ln = −(a/n) dn/dr = 0.41 ± 0.36
at the chosen evaluation radius of reff/a = 0.75 (dashed
lines), where a is the minor radius. Pellet injection steep-
ens this gradient to a/Ln = 1.13 ± 0.49 and extends it
deep into the core, and this peaking persists through-
out the period of improved confinement. The associated
electron temperature profiles are peaked with a reduced
central value after pellet injection following the large in-
crease in density. Outside of reff/a = 0.75, Ti ≈ Te, but
there is a departure of the ion from the electron temper-
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FIG. 4. Total neoclassical heat fluxes for time points tA and
tC as shown in Fig. 3 and associated radial electric field pro-
files from neoclassical modeling (solid) and measurements (er-
ror bars).

ature further in the core. During gas-fueled discharges,
the ion temperature is essentially flat up to the half ra-
dius, and only marginally varies in profile shape and cen-
tral value despite large variations in density and electron
temperature [8]. During improved confinement, Ti rises
to match Te further into the core, steepening its gradient
and reaching the highest central values observed in the
experiment.

Transport assessment The neoclassical (NC) radial
fluxes are calculated by solving the drift-kinetic equa-
tion using the DKES [12, 13] code. At the high densities
that W7-X aims to achieve, interspecies collisions are ex-
pected to make the ion and electron temperatures almost
equal, which creates an inward radial electric field Er, the
so-called ion root [14, 15]. Another situation arises when
the density is not high enough for collisions to efficiently
couple Ti to the high Te produced by the electron heat-
ing in the experiment. In this case, an outward (electron
root) radial electric field can result which is often seen to
occur in the central portion of the plasma [5, 16].

Figure 4 shows the NC heat fluxes (left) and ambipolar
electric fields calculated (right, solid lines) for the experi-
mental profiles shown in Fig. 3. At tA the central plasma
is in electron root, because Te is much larger than Ti,
while at tC the entire cross section is in ion root with a
significantly larger electric field magnitude towards the
edge. This behavior is qualitatively confirmed by mea-
surements of poloidal flows, where the deduced Er (in
Fig. 4(b), with error bars) show a transition from elec-
tron to ion root and a strong magnitude increase in the
temperature gradient region. A comparison of the NC
energy fluxes integrated over the flux surface area (solid
lines) with the input heating power (dashed lines) yields
that NC transport can only account for at most 30% of
the total heat flux at both time points (where dW/dt ≈ 0,
radiation is low and comparable between both cases and
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FIG. 5. Impurity time traces (inset) and resulting classical
and neoclassical (faint) and anomalous (solid) impurity diffu-
sion coefficient profiles in two experiments.

charge exchange losses are unknown). The observed im-
proved confinement after pellet injection can therefore
not stem from a change of neoclassical transport, but
must be attributed to a considerable reduction of anoma-
lous heat flux.

A similar finding is obtained when the particle trans-
port as measured by the confinement time of impurities
injected via the laser blow-off system [17] is considered.
Figure 5 shows the measured confinement times of iron
impurities injected during two experiments, represented
by the inset FeXXV time traces, as well as the respective
diffusion coefficients derived from STRAHL calculations
[18]. Situations with increased density gradient have
been identified apart from pellet injection at low heat-
ing power after step-down of ECH and/or NBI power.
Such a case is shown at 1.2 MW ECH power 0.5 s after
NBI shutdown (green), and is contrasted with a regular
ECH discharge (3 MW) with flat density profiles (blue).
As with the heat flux, it is generally observed that the
sum of the classical and neoclassical component (faint
lines) accounts for only a small fraction of diffusion and
that the anomalous component (solid) must be large in
order to explain the short confinement times on the order
of 100 ms, indicative that turbulence also contributes sig-
nificantly to radial impurity transport [19]. In contrast,
anomalous impurity particle diffusion decreases consid-
erably in the peaked density discharge, resulting in an
impurity confinement time longer than the remainder of
the discharge 500 ms after injection. As in the pellet
case, accompanying PCI measurements exhibit the same
characteristic signatures of a reduced fluctuation ampli-
tude and multiple phase velocities, which implies that
these processes are linked. In conclusion, we find that
the neoclassical transport assessment and particle diffu-
sion measurements both show that anomalous transport
dominates radial heat and particle flux, and that a cen-
trally peaked density profile reduces its severity.
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FIG. 6. (a) Map of maximum effective diffusivity γ/k2 for
various gradients in the “standard” magnetic configuration
of W7-X with experimental points before and after pellet in-
jection (error bars) and values used for nonlinear simulations
(squares). (b) Gyro-Bohm normalized nonlinear ion heat flux
and density fluctuation spectrum for those two sets of gradi-
ents.

Gyrokinetic simulations These experimental findings
are compared to results from the flux tube version of
the simulation code GENE [20] which numerically solves
the coupled nonlinear system of gyrokinetic equations in
toroidal magnetic configurations featuring nested mag-
netic flux surfaces. Since the three-dimensional magnetic
field geometry of W7-X has been shown to prevent signif-
icant transport from electron-scale turbulence when ion-
scale turbulence is present [21], gyrokinetic simulations
are done which cover the two major ion-scale instabilities,
namely the ion temperature gradient (ITG) and trapped
electron mode (TEM), and a/LTe

= 0 is assumed. Re-
sults for ITG and TEM are compiled in Fig. 6 (a) for
the “standard” magnetic configuration at reff/a = 0.6 in
Fig. 3. Here, the normalized density and ion temperature
gradients a/Ln and a/LTi

are varied, and Ti = Te as well
as a/LTe

= 0 are assumed, while also neglecting collisions
and electromagnetic effects. Invoking the mixing length
estimate for a rough prediction of effective diffusivity, the
plots show the maximum of γ/k2 · a/cs (γ is the linear
growth rate and cs the ion sound speed). A “stability
valley” of low effective diffusivity is seen in the interme-
diate region of ηi = Ln/LTi

≈ 1 [22], which has been
shown to result from the combination of two beneficial
effects: A reduction in ηi is well-known to result in re-
duced ITG drive, though an increased density gradient in
tokamaks leads to strong TEM growth which counterbal-
ances this reduction. It has however been shown [23, 24]
that W7-X belongs to a class of magnetic configurations
(“maximum-J”) that are resilient to these modes, and
large TEM growth rates are therefore only observed at
very high density gradients. Inserting the measured nor-
malized gradient values from the profiles shown in Fig. 3
at reff/a = 0.75 into Fig. 6 (a), we see that the quasi-
linear estimate predicts a reduction in turbulent heat flux
with increasing density gradient.

This is further supported by nonlinear simulations
for two representative parameter sets before and after

density gradient steepening. These are performed on
the r/a = 0.75 surface along the flux tube crossing
the outer bean shaped plane of the high-mirror (HM)
configuration of W7-X, and the resolution is set to
(nz, nkx, nky, nv, nw, ky,min) = (256, 64, 96, 48, 10, 0.05),
where nz is the number of points along a field line,
nkx and nky are the number of radial and perpendicu-
lar Fourier modes, nv and nw are the number of points
in parallel and magnetic moment aligned velocity space,
and ky,min is the smallest resolved normalized wavenum-
ber. Electrons are treated kinetically in order to allow
for growth of TEM modes. The gradients are chosen as
a/LTi = 3 and a/Ln = 0 or 1 (squares in Fig. 6(a))
with Te = Ti, while the electron temperature gradient is
set to zero in both cases in order to avoid convergence is-
sues due to electron-scale turbulence. Fig. 6(b) shows the
resulting nonlinear gyro-Bohm normalized ion heat flux
spectrum (which dominates the total flux). It is reduced
at all scales, corresponding to a drop of the integrated
flux from Qi/QGB = 30 to 15 by the introduction of a
density gradient. Additionally, the inset shows that den-
sity fluctuations also decrease significantly throughout
the scales detectable by the PCI diagnostic, in line with
the experimental observations described above. Though
the nonlinear simulations were performed in the HM con-
figuration, we argue that the same effect is observed in
HM experiments, and in simulations using the standard
configuration (albeit at different gradients, see [25]), so
that the change in geometry seems small enough that
our observations still hold. It is worth noting that simu-
lations performed with equal gradients in tokamak geom-
etry which does not benefit from the stabilizing proper-
ties of maximum-J configurations instead show a strong
increase in the total nonlinear heat flux.

In summary, we find that discharges in W7-X with
peaked plasma density profiles are accompanied by an
overall reduction of both the fluctuation amplitude and
anomalous impurity diffusion as measured by two sep-
arate diagnostic systems. The consistent presence of
multiple modes in the PCI spectra may imply a mecha-
nism for reducing turbulent transport analogous to the
I-mode in tokamaks [26, 27] in the sense that density
fluctuation modes are observed during a change of con-
finement regimes. Neoclassical transport calculations
show that heat flux is governed largely by anomalous
diffusion, while gyrokinetic simulations strongly suggest
that a reduction of turbulent heat flux is due to the
unique maximum-J optimization of W7-X which limits
the severity of TEMs while ITG modes are stabilized
[23]. We note that other stabilization mechanisms gov-
erned by the large observed increase of the radial electric
field magnitude as well as its shear have been shown to
be effective in stellarators [28], and the impact of its mag-
nitude through E × B fluctuation advection in W7-X is
investigated separately [25]. An estimate of the shear-
ing rate shows that it becomes comparable to the growth
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rates at reff/a > 0.6 and may therefore further impact
transport [29]. These results demonstrate that the opti-
mized magnetic geometry of W7-X is favorable to reach
improved confinement scenarios by tailoring the plasma
density profile and thereby reducing turbulence.
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Böttger, C. von Sehren, and A. von Stechow, Rev. Sci.
Instr. 89, 10E105 (2018).

[11] M. Porkolab, J. Rost, N. Basse, J. Dorris, E. Edlund,
L. Lin, Y. Lin, and S. Wukitch, IEEE T. Plasma Sci.
34, 229 (2006).

[12] S. P. Hirshman, K. C. Shaing, W. I. van Rij, C. O.
Beasley, and E. C. Crume, Phys. Fluids 29, 2951 (1986).

[13] W. I. van Rij and S. P. Hirshman, Phys. Fluids B: Plasma
1, 563 (1989).

[14] A. A. Galeev and R. Z. Sagdeev, Rev. Plas. Phys. 7, 257
(1979).

[15] N. Pablant, A. Langenberg, A. Alonso, J. Baldzuhn,
C. D. Beidler, S. Bozhenkov, R. Burhenn, K. J. Brun-
ner, A. Dinklage, G. Fuchert, O. Ford, D. A. Gates,
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