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Abstract 

Key research topics of the second operation phase of Wendelstein 7-X (W7-X) stellarators are the study of plasma dynamics 

and transport. Most magnetic configurations develop a significant bootstrap current, which needs to be taken into consideration 

with respect to MHD stability and strike line control on the divertor. One method to compensate for strong internal plasma 

currents is their active control via electron cyclotron current drive, which has proven to be effective in W7-X. However, 

associated with driven currents are MHD crashes, which may lead to degradation of the energy confinement. Two-dimensional 

soft X-ray observations allow for a flux surface localization of the crashes. The iota profile modification by means of driven 

current density profile and shielding currents is not directly measured but a likely cause are resistive tearing modes at a =5/5 

rationale created by the driven currents. It is also observed that even without current drive strong degradations of the plasma 

energy confinement can occur, which are due to crashes being localized radially much further outward. The confinement of 

impurities in W7-X is observed to be rather poor. Active injections of impurities allow for a derivation of effective radial 

diffusion coefficients, which are much larger than expected from neoclassical transport theory and suggest that turbulent 

transport play an important role. Turbulence is generally observed in the core plasma and has the character of ITG and TEM 

modes. However, in centrally fuelled discharges, a strong reduction of turbulence and an improvement of the confinement is 

found. Gyrokinetic simulations are under way in order to understand the behaviour of turbulence and its associated transport 

in such W7-X discharges. 

1. INTRODUCTION 

Key criteria in the design of Wendelstein 7-X (W7-X) were the optimization of the magnetic geometry 

with respect to MHD stability, divertor operation, and a reduction of neoclassical transport, which is realized by 

tailoring the magnetic field towards quasi-isodynamicity. Due to the flexibility in the settings of the W7-X 

magnetic field coil currents in the 7 types of planar and non-planar main magnetic field coils the degree of 

optimization can be experimentally assessed and compared to theoretical prediction. A major quantity of interest 

is the predicted small bootstrap current [4,13], since this toroidal current acts on the rotational transform, which 

is crucial due to the low shear, thereby also the divertor strike lines and thus the divertor performance. The 

movement of the strike lines at the divertor target plates with evolving bootstrap current has been observed in the 

images from IR cameras [14]. For a current of 5kA a radial strike line movement of 4.5 cm has been observed on 

the divertor target for the standard divertor operation with an edge iota a=5/5. This observation is in agreement 

with field line tracing calculations considering the additional toroidal current.  Since the bootstrap current evolves 

on a time scale governed by the plasma inductance and resistivity, the L/R time [15], which is on the order of 10 

s for typical Wendelstein 7-X plasma conditions, it is necessary to compensate the effects on the same (slow) time 

scale by active non-inductive current drive to allow for a controlled divertor operation. In the context of MHD 

equilibrium and stability, it is important to evaluate the maximum tolerable current and diamagnetic energy. With 

respect to the neoclassical transport optimization, a crucial issue is the confinement properties of impurity ions, 

in particular for long-pulse operation. On one hand not fully stripped high-Z impurities sputtered from the metal 

walls by plasma-wall-interaction have the unfavorable ability to degrade the achievable plasma energy by 

enhanced radiation losses, even in small concentrations and often resulting in a radiative collapse of the plasma. 

On the other hand, due to their lower radiation potential, low-Z impurities released from shields of plasma loaded 

in-vessel components can be tolerated in higher concentrations but might lead to prohibitive dilution of the plasma 

fuel. Consequently, their sources have to be controlled and their transport and confinement characteristics in the 

core plasma to be studied in detail. The latter issue is of particular importance for stellarators, where theoretical 
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predictions based on neoclassical transport theory for non-axisymmetric configurations predict thermodynamic 

forces on impurities, which are directed inwards in the standard ion-root-regime with negative radial electric field. 

This gives rise to the apprehension that impurity ions might be able to accumulate with time in the core plasma 

degrading the plasma performance or even terminating the plasma pulse by a radiative collapse. Moreover, inter-

machine studies of impurity confinement at LHD, TJ-II and W7-X [1] reveal a general unfavorable density scaling 

of the core impurity confinement time. In spite of this, operational regimes could be identified which help avoiding 

excessive radiation levels and enabling long-term plasma operation, such as the high-density H-mode of W7-AS, 

impurity influx screening by the island divertor concept realized in W7-AS and LHD or the beneficial impact of 

gradient driven turbulence at LHD. For W7-X it is therefore mandatory to explore plasma regimes preventing 

large impurity influx and unfavorable transport phenomena like impurity accumulation in the core plasma. In 

contrast to the neoclassical transport, the reduction of turbulent transport has not been has not been included in 

the optimization criteria for the W7-X design. It is, therefore, small wonder that linear gyrokinetic simulations 

with the GENE code [16] typically demonstrate that the Ion-Temperature-Gradient (ITG) driven mode and the 

Trapped-Electron-Mode are significant instability mechanisms in the core and outer region of W7-X plasmas. 

Similar to tokamaks, both instabilities are mainly driven in regions of unfavorable (local or bounce-average) 

magnetic curvature, although these regions in W7-X display a more complicated structure. It has been theoretically 

shown that TEM-driven turbulence is more benign in isodynamic magnetic field configurations, compared to 

other realizations of stellarator optimization (e.g., quasi-axisymmetric) or tokamaks, thanks to the broken 

resonance of the precessional drift of trapped electrons with the propagation of the drift wave [17]. Generally, the 

TEM instability becomes important in the outer region of the plasma, where a strong density gradient establishes. 

In contrast, the ITG instability is expected to develop deeper inside the plasma core, where the plasma density 

profile is almost flat. However, for some W7-X discharges this apparent spatial separation of the two instabilities 

does not apply, and an interaction of modes instead occurs. 

 

2. PLASMA CURRENT CONTROL BY ELECTRON CYCLOTRON CURRENT DRIVE 

 

One way to accelerate the slow evolution of the toroidal plasma current is to apply driven currents in the direction 

of the bootstrap current (co-driven current). In Wendelstein 7-X it is possibly to create localized current density 

contributions by means of electron cyclotron current drive (ECCD) [2]. Depending on the plasma density and 

temperature profiles, it is possible to drive toroidal currents of up to 18 kA in the plasma. In a range of experiments 

with co-ECCD, crashes have been observed in the radial temperature profile measured by ECE diagnostic and in 

data from the soft-X ray cameras. For the experimental conditions shown in Fig. 1, a series of small crashes are 

observed. The energy decrease measured by the diamagnetic loop is of the order of Wdia ≈ 10 kJ per event, the 

total stored energy decreases from 280 kJ to 220 kJ over the 13 s duration of the discharge. Besides small dips 

during the crashes, the toroidal current measured by a Rogowski coil increases steadily to -13 kA. At t=13s, the 

plasma is suddenly terminated by a large crash. The stored energy (220 kJ) is lost within 30 ms, accompanied by 

an increase in core and edge radiation. The plasma current decreases from -13 kA to -11 kA within the first 25 ms 

after the start of the energy drop and then decreases with a rate of   Itor/t = 10kA/2ms. An inversion radius 

analysis was performed on the data by the soft-X ray multi-camera system, identifying the channels which show 

Fig. 1: Time traces of plasma parameters of a W7-X program with 

co-ECCD drive. 

Fig. 2: Inversion radius of the crash at 13 s (cf. Fig 

1) using soft-X ray data. LOS (black lines) with the 

inversion condition are plotted . 
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an increase in intensity and the next channel an intensity decrease. The lines of sight of these inversion channels 

are plotted in Fig. 2, indicating a very central crash radius (the equilibrium flux surfaces as calculated by VMEC 

are shown in red color). The theoretical assessment for the understanding of this crash is ongoing. Modelling of 

the ECCD deposition zone and using a 1d current diffusion model indicates that the local current density 

distribution leads to an increase of the rotational transform across the iota=5/5 value. This value of rotational 

transform in the core seems to be associated with the onset of a (resistive) tearing mode instability leading to the 

observed sudden loss of the plasma confinement. 

 

3. CRASH IN A HIGH PERFORMANCE PELLET FUELLED DISCHARGE 

The observed crashes in the diamagnetic energy 

lead to a decrease of the confinement, but do not 

represent violent perturbations of the MHD 

equilibrium. However, much stronger crashes are 

observed in high-density discharges with large 

diamagnetic energies but without driven plasma 

currents. In a typical example (Fig. 3), the plasma 

density has been raised by means of H2 pellet 

injection to reach densities of n=1∙1020 m-3 and 

transiently high stored energy of Wdia  ≈ 1.1 MJ at 

a central plasma-≈ 3.7 %. The discharge is ended 

by a sudden large decrease of Wdia ≈ 150 kJ within 

t ≤ 6 ms. The inversion radius by means of the 

soft-X ray multi camera data is shown in Fig. 4. 

Here, the inversion radius is found much further 

outside at approximately half the plasma radius. 

The toroidal current measured by the Rogowski 

coil dipped by Itor=400 A within t  ≤ 0.5 ms and 

recovers in t ≈ 5 ms after a stationary phase of 6 

ms. In contrast, the maximum current excursion 

during the pellet injection phase is only Itor=100 

A. The event was preceded by precursor 

oscillations in the soft-X ray channels at 

frequencies of ≈ 40 kHz beginning ≈ 100 µs before 

the crash. It currently remains uncertain, whether 

the origin of this crash is also caused by a current-

driven instability. It should be noted, that in other 

similar high performance discharges with pellet 

injection these large MHD events leading to a 

confinement degradation have been observed. 

 

 

 

 

4. IMPURITY TRANSPORT ANALYSIS 

In order to elucidate the impurity transport properties in W7-X, injection of short pulses of impurity tracer ions 

into the plasma (close to the separatrix) either by laser blow-off technique (LBO) [2] or localized deposition 

(approx. 80% of the plasma radius) of tracer material encapsulated in polystyrene pellets (TESPEL) [3] inside the 

core plasma had been performed. The analysis of the temporal evolution of spectral line radiation emitted by 

subsequently appearing ionization states during and after the transport process of the impurity tracer ions into the 

plasma core (LBO) or during their redistribution within the core plasma (TESPEL) reveals information about the 

impurity transport parameters. An example of the decay of the line radiation is shown in Fig. 5. A global measure 

Fig. 4: Inversion radius of the crash in a high performance 

discharge (without ECCD) using data of the soft-X ray multi-camera 

system. LOS (black lines) with the inversion radius condition are 

plotted. 

Fig. 3: Time evolution of a pellet-fueled discharge.   
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for the confinement time of impurity ions in the core 

plasma is the common decay time (transport time) of the 

spectral line emission of the different ionization states 

after the injected tracer ions are equally distributed 

across the entire plasma cross section. Typical values on 

the order of 100ms for plasma densities in the range of 

2-10∙1019 m-3 and ECRH heating powers of 2-6 MW have 

been observed with a clear trend for increasing 

confinement times at higher density or lower heating 

power (c.f. Fig. 6). 

 With this small transport times plasma pulses with 

stationary radiation level are expected and achieved 

without indication of accumulation features of intrinsic 

impurity ions for these density and heating schemes. In 

case of LBO the rise time of the transient line radiation of 

the different ionization states (localized at different radial 

positions depending on the local electron temperature) is 

sensitive to the local diffusion coefficients D(r), whereas 

the temporal decay depends on both, the radial profiles of 

D(r) and the convection velocity v(r). Fig. 7 shows a 

transport analysis [4] applied to a ECRH heated plasma with 

2∙1019 m-3 electron density and a heating power of 5 MW 

using a least-squares fitting algorithm for the temporal 

behavior of the spectral emission lines after LBO, which 

modifies the D and v-profiles as input for the transport code 

STRAHL [10]. Due to the extremely low neoclassical 

diffusion coefficients, more than two orders of magnitude 

larger anomalous diffusion coefficients Da are needed to 

match the experimental observations. Similar results were 

obtained for plasmas with density of 6∙1019 m-3. The 

obviously anomalous character of the impurity transport 

within this operational range raises the question whether 

turbulence mechanisms might be responsible for the 

transport enhancement predominantly in the outer half of the 

plasma cross section.  

 

Fig.5: Subsequent injection of a LBO-pulse (at 7s) and a 

TESPEL pellet (at 8s) into a 2 MW ECRH heated plasma 

with 4x1019 m-3 density observed by HEXOS and HR-

XIS [7,8,11,12]. 

Fig. 6: Plasma pulse with ECRH heating power stepped down from 6 MW to 2MW at 4x1019 m-3 

density, correspondingly decreasing turbulence level and increasing impurity transport times after 

LBO [7,8,12]. 

Fig. 7: Radial diffusion and convection profiles 

(neoclassical and anomalous) obtained for a best 

fit of LBO injected Fe XXV impurity emissions. 
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5. PLASMA TURBULENCE 

The observed large diffusion coefficients of impurities suggest that a turbulence-driven radial flux contributes 

significantly to the impurity confinement. In Fig. 6 the level of density fluctuations in the plasma core as measured 

by the phase-contrast imaging diagnostics (PCI) normalized to the line-integrated plasma density Pturb/ndl displays 

that the impurity confinement time in fact increases with a decrease of the fluctuation amplitude. PCI is one of 

the main core turbulence diagnostics in W7-X and measures density fluctuations along a line of sight through the 

plasma center. As depicted in Fig. 8 the measurement 

region is mainly located in the unfavorable curvature 

region (negative n denotes bad normal magnetic field 

curvature) close to the triangular magnetic cross section. 

Poloidal wavenumber-frequency spectra are obtained, 

well covering the range of ITG and TEM turbulence 

ks≤1. Gas-fueled discharges in W7-X are generally 

characterized by flat plasma density profiles with steep 

gradients in the edge plasma and centrally peaked electron 

and ion temperature profiles. For the taxonomy of 

turbulence in W7-X, numerous linear gyrokinetic 

simulations have been conducted to create a “stability 

map” shown in Fig. 9 (left), on top of the which the 

operational regime (with probability density 90%) has 

been overlaid as contour plot. In the absence of nonlinear 

simulations thus far, this preliminary analysis already 

indicates that core turbulence should be driven by ITG 

instability. The observed plasma turbulence shows 

characteristics of self-similarity with a power law decay of the spectral power. A comparison of different 

frequency bands shown in Fig. 9 (right) indicates that in the frequency range f=10-600kHz the spectral indices 

display a scaling with line-averaged plasma density with the strongest scaling for f≤200kHz.  However, much 

larger ion temperature gradients are observed during pellet-fueled discharges. Those discharges are generally 

characterized by a steep density ramp due to the pellet injections, but most interestingly they are followed by a 

phase of considerably increased electron and ion temperature with TiTe [3]. This improved confinement phase is 

correlated with a significantly reduced level of turbulence. Density fluctuation levels as measured with PCI 

generally show a linear scaling with line-integrated plasma density, Fig. 10 (top). This is a direct result of increased 

plasma density in the main density gradient region and does not indicate an increase of the turbulence activity. 

After the pellet fueling phase t2 despite the large plasma density, a large drop in the density fluctuation amplitude 

is observed, which lasts for approx. 500ms before the original scaling is recovered.  The overall reduction of 

turbulence is clearly visible in the spectrogram of density fluctuations, Fig. 10 (bottom). During pellet fueling the 

fluctuation level increases, but suddenly drops over the entire frequency band. This phase is highly transient and 

in fact the turbulence recovers, starting at high frequencies and chirping down to low frequencies in a time of  

 

 

 

Fig. 8: Color-coded normal magnetic curvature n in the 

poloidal cross section at the position of the PCI 

observation. The PCI laser beam is shown as the shaded 

area. 

Fig. 9: (left) Linear gyrokinetic simulation results of the growth rate  of the core instabilities ETG, ITG and TEM. The 

magenta contour plot indicates the probability density of typical gas-fueled W7-X discharges. (right) Frequency-resolved 

spectral indices versus line-integrated plasma density. 
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typically 100-200ms. From the instability point of view, the development of plasma profiles and gradients are 

most important. As shown in Fig. 11, the originally rather flat density profile before pellets centrally steepens 

during the fueling phase. Consequently, its gradient scale length increases considerably and peaks at a  normalized 

radius reff/a=75%. The response of the dispersion of the turbulence fluctuations is shown in Fig. 11. Before the 

pellet fueling, the dispersion shows a constant phase velocity in both poloidal directions, consistent with a similar 

behavior of fluctuations on the inboard and outboard side (note that ExB and diamagnetic drifts change poloidal 

directions when crossing the plasma center).  During the pellet fueling phase t=1.3s, 1.7s the phase velocity drops 

slightly, but the fluctuation mode structure remains essentially constant. However, during the time span of 

turbulence reduction, the mode spectrum broadens in wavenumber space and develops multiple rather coherent 

modes in both propagation branches at kpol2-8cm-1 corresponding to a normalized wavenumber in the range 

ks=0.5-1.5, covering the ITG and TEM branch. The mode spectrum relaxes back to its original structure for 

t>2s, when the fluctuation level recovers its original scaling with line-integrated plasma density. The findings 

Fig. 10: (top) Temporal evolution of the line-integrated 

plasma density (blue) and the turbulent density fluctuation 

level (green) for a pellet-fueled discharge. (bottom) 

Spectrogram of plasma density fluctuations. 

Fig. 11: Plasma density profile and its gradient length 

before (blue) and during (orange) the pellet fueling.  

Fig. 12: Time-resolved color-coded plot of the poloidal wavenumber-frequency (k-f) spectra over the pellet fueling phase. The 

spectra are normalized to the average fluctuation amplitude, respectively.   
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clearly indicate that the phase after pellet fueling is 

characterized by a strong decrease of the turbulence 

fluctuation level and the development of additional quasi-

coherent mode structures, which hint at the interaction 

between modes with different scales, corresponding to 

ITG and TEM. Both observations are surprising since it is 

expected that the peaking of the density profile and the 

associated increase of the density gradient scale length 

leads to an increase of plasma density fluctuations, even 

at unchanged turbulence levels, due to the advection in the 

gradient regions. However, the increase in density leads 

to a stronger coupling of electrons and ions and 

consequently to an increase of the ion temperature and 

also its gradient scale length. This is shown in Fig. 13, 

where it is observed that the maximum in both quantities 

during the phase of the turbulence reduction are located 

approx. at the same radial position reff/a=0.75 with similar 

amplitudes. The situation can be directly compared to 

linear gyrokinetic simulation results, for which co-

existing ITG and TEM are considered. The results are 

displayed in Fig. 14. The ITG growth rate peaks at large 

ion temperature gradient scale lengths, however at 

moderate density scale lengths. In contrast, TEM are 

mainly driven by the density gradient and are stabilized if 

an ion temperature gradient is present. In the case of the 

pellet fueling, it is evident from Fig. 13 that in the period 

of strong turbulence reduction, the region of maximum 

ion temperature and density gradients overlap and 

consequently it is expected that the combined growth rate 

is minimized (black triangle in Fig. 14). In summary, 

these results strongly suggest that the observed relatively 

small impurity confinement times are strongly affected by 

turbulent transport. Without spatial localization it is 

difficult to distinguish experimentally if ITG or TEM are 

the main driver for the transport. The wavenumber 

frequency spectra, however, show fluctuations for 

ks>1, which suggests that TEM play an important role 

here. In experiments with central density peaking, i.e. a 

plasma gradient region in the core, as it is generally 

observed in pellet fueled discharges, the considerable 

confinement improvement is correlated with a strong 

reduction of turbulence and the development of quasi-

coherent mode structures. This reduction complies with a 

preliminary gyrokinetic analysis, indicating that the co-

existence of ITG and TEM instabilities might work in 

favor of turbulence stabilization. 
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Fig. 13: Time-resolved radial profiles of the gradient scale 

lengths of the plasma density and ion temperature over the 

period of the pellet fueling phase.  

Fig. 14: Linear growth rate results from gyrokinetic 

simulations of the combined ITG and TEM instability vs. 

gradient scale lengths of plasma density and ion 

temperature.   
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