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Szökefalvi-Nagy7, A. Tancetti3, J. Terry9, J. Thomas8, M.

Thumm25, J. M. Travere17, P. Traverso27, J. Tretter10, H.

Trimino Mora1, H. Tsuchiya5, T. Tsujimura5, S. Tulipán7, B.

Unterberg8, I. Vakulchyk1, S. Valet1, L. Vano7, B. van

Milligen6, A. J. van Vuuren10, L. Vela28, J.-L. Velasco6, M.

Vergote26, M. Vervier26, N. Vianello53, H. Viebke1, R.

Vilbrandt1, A. Vorköper1, S. Wadle25, F. Wagner1, E. Wang8,

N. Wang8, Z. Wang1, F. Warmer1, T. Wauters26, L. Wegener1,

J. Weggen25, Y. Wei8, G. Weir1, J. Wendorf1, U. Wenzel1, A.

Werner1, A. White9, B. Wiegel45, F. Wilde1, T. Windisch1, M.

Winkler1, A. Winter1, V. Winters11, S. Wolf29, R.C. Wolf1,32, A.

Wright12, G. Wurden40, P. Xanthopoulos1, H. Yamada5, I.

Yamada5, R. Yasuhara5, M. Yokoyama5, M. Zanini1, M.

Zarnstorff4, A. Zeitler29, D. Zhang1, H. Zhang6, J. Zhu1, M.

Zilker10, A. Zocco1, S. Zoletnik7 and M. Zuin13

1 Max-Planck Institute for Plasma Physics, Wendelsteinstrasse 1, 17491 Greifswald,

Germany
2 Greifswald University, Domstrasse 11, 17489 Greifswald, Germany
3 Technical University of Denmark, Anker Engelunds Vej 1, 2800 Kgs. Lyngby,

Denmark
4 Princeton Plasma Physics Laboratory, 100 Stellarator Rd, Princeton, NJ 08540,

United States of America
5 National Institute for Fusion Science, 322-6 Oroshicho, Toki, Gifu Prefecture

509-5202, Japan
6 CIEMAT, Avenida Complutense, 40, 28040 Madrid, Spain
7 Wigner Research Centre for Physics, Konkoly Thege Miklos ut 29-33, 1121

Budapest, Hungary
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Version 2.0

Abstract. The optimized superconducting stellarator device Wendelstein 7-X (with

major radius R = 5.5 m, minor radius a = 0.5 m, and 30 m3 plasma volume) restarted

operation after the assembly of a graphite heat shield and 10 inertially cooled island

divertor modules. This paper reports on the results from the first high-performance

plasma operation. Glow discharge conditioning and ECRH conditioning discharges in

helium turned out to be important for density and edge radiation control. Plasma

densities of 1 − 4.5 · 1019 m−3 with central electron temperatures 5 − 10 keV were

routinely achieved with hydrogen gas fueling, frequently terminated by a radiative

collapse. In a first stage, plasma densities up to 1.4 · 1020 m−3 were reached with

hydrogen pellet injection and helium gas fueling. Here, the ions are indirectly heated,

and at a central density of 8 · 1019 m−3 a temperature of 3.4 keV with Te/Ti = 1 was
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transiently accomplished, which corresponds to nTi(0)τE = 6.4 · 1019 keVs/m3 with a

peak diamagnetic energy of 1.1 MJ and volume-averaged normalized plasma pressure

〈β〉 = 1.2%. The routine access to high plasma densities was opened with boronization

of the first wall. After boronization, the oxygen impurity content was reduced by a

factor of 10, the carbon impurity content by a factor of 5. The reduced (edge) plasma

radiation level gives routinely access to higher densities without radiation collapse,

e.g. well above 1 × 1020 m−2 line integrated density and Te = Ti = 2 keV central

temperatures at moderate ECRH power. Both X2 and O2 mode ECRH schemes were

successfully applied. Core turbulence was measured with a phase contrast imaging

diagnostic and suppression of turbulence during pellet injection was observed.

PACS numbers: 00.00, 20.00, 42.10

Submitted to: Nucl. Fusion

1. Introduction

Stellarators are free from current disruptions and are intrinsically capable to sustain a

plasma steady-state without need for current drive [1]. The stellarator magnetic field,

however, needs to be optimized to overcome major issues in neoclassical transport,

magnetohydrodynamic equilibrium and stability, and fast particle confinement, in

particular at high plasma beta and low collisionality [2, 3, 4]. After successful first

operation [5, 6, 7], the optimized stellarator device Wendelstein 7-X [8, 9] is now

operating with (yet uncooled) graphite heat shields and a graphite island divertor

[10, 11]. Wendelstein 7-X is a high-iota, low shear stellarator with optimized magnetic

field geometry and 30 m3 plasma volume. It is the mission of the device to demonstrate

steady-state (pulse length Tp ≤ 1800 s) generation and confinement of fusion-relevant

hydrogen and deuterium plasmas. The magnetic field with induction 2.5 T on the

magnetic axis is generated using a set of non-planar and planar liquid-helium cooled

superconducting NbTi coils. All plasma facing components are designed for active

water cooling capability. Steady-state electron cyclotron resonance plasma heating is

provided by long-pulse gyrotrons. Neutral beam injectors and ion cyclotron resonance

heating are foreseen for high beta plasmas and fast particle physics investigations.

The device operation phase reported in the present paper is performed without

water cooling of the main in-vessel components. This restricts the heating energy input

to 200 MJ. High-performance plasma operation is nevertheless possible, but at limited

pulse lengths (typical 10 − 30 s). Long discharges (up to 100 s) are restricted to lower

heating power and consequently lower plasma performance. Fully integrated divertor

operation must be demonstrated to develop a basis for high-performance steady-state

operation which follows after the completion of the cooling water systems and the

installation of the water-cooled divertor and the cryo pumps.

The present paper is structured in a machine description Sec. 2, long-pulse high

density plasmas Sec. 3, and stellarator optimization Sec. 4. The paper is summarized

in Sec. 5.
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2. The Wendelstein 7-X stellarator device

As pointed out in Sec. 1, the magnetic field geometry of the superconducting stellarator

Wendelstein 7-X was optimized to address major issues of the classical stellarator [3, 4].

A schematic drawing of the device and the rotational transform of some of the magnetic

field configurations are shown in Fig.1. The 50 non-planar coils (red) and 20 planar coils

(orange) are connected in series via superconducting bus bars. All coils are bolted to a

massive central support ring (gray) and additionally fixed by mostly welded, partially

bolted or sliding local support elements. The complete magnet system and the support

structures are cooled down to 3.4 K in the cryostat vacuum between the outer vessel

and the plasma vessel. Both the plasma vessel, the outer vessel and the 253 ports are

covered with a thermal insulation, based on multi-layer foil and a thermal shield actively

cooled to 70 K [12].

The main device parameters are listed in Tab. 1. Stage 1 was the setup for the

initial operation. After substantial extension of the in-vessel components and the heating

systems, the present stage 2 was reached. Stage 3 is planned for the subsequent operation

phase. Stage 4 is the projected full performance configuration of the device. The most

powerful heating scheme of Wendelstein 7-X is the electron cyclotron resonance heating

(ECRH) with at present 10 long-pulse capable 140 GHz gyrotrons [13]. On average each

gyrotron accounts for 0.8 MW power coupled into the plasma which provides a highly

flexible X2-mode and O2-mode heating scheme, both on- and off-axis. The flexibility and

the well-defined heat deposition in the electron cyclotron resonance zone render ECRH

being the most advanced heating and current drive scheme with the biggest potential for

Figure 1. Schematic diagram of the superconducting stellarator device Wendelstein

7-X. The last closed magnetic flux surface is indicated in light blue. The 50 non-planar

(red) and the 20 planar (orange) superconducting coils are operated in a evacuated

cryostat volume between the plasma vessel and the outer vessel. Wendelstein 7-X is

a high-iota low-shear device and the iota profiles (β = 0) of some reference magnetic

configurations are shown on the right hand side. The reference configurations are

standard (EIM), high mirror ratio (KJM), high iota (FTM), and low iota (DBM).
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Table 1. Major parameters of the stellarator Wendelstein 7-X. The different stages of

completion and extension mainly determine the available heating power and the active

cooling of the in-vessel components.

quantity unit stage 1 stage 2 stage 3 stage 4

plasma volume m2 30

major radius m 5.5

minor radius m 0.5

magnetic induction on axis T 2.5

rotional transform 2π 5/6 . . . 5/4

ECR heating power MW 4.3 8.5 10 10-15

ICR heating power MW 1.5 3.5

NBI heating power H/D MW 3.5 7/10 14/20

heating energy MJ 4 200 1000 18000

pulse length typ. s 1-2 10-100 100-200 100-1800

a future stellarator power reactor [14]. The first of two neutral beam injector (NBI) boxes

have started operation with two positive ion sources and 55 kV acceleration voltage and

up to 3.5 MW injection power [15]. The ion cyclotron resonance heating (ICRH) system

requires an antenna that is carefully shaped to the three-dimensional plasma contour.

This development is ongoing and commissioning is foreseen for the next operation phase

[16]. To protect the (mostly uncooled) in-vessel components, the maximum heating

energy during stage 2 is at present limited to 200 MJ, which implies typical discharge

times between 10 and 100 s, depending on the input power. After completion of the

water cooling systems and the replacement of the inertially cooled island divertor with

an actively water-cooled one, the maximum heating energy will be extended step-wise

to 18 GJ with at least one intermediate step at 1 GJ (stage 3).

Wendelstein 7-X started first operation in the year 2015. The heat and particle

exhaust was controlled with five poloidal graphite limiters, the remaining wall was either

steel or CuCrZr. Despite the unfavorable wall conditions, the plasma performance was

quite remarkable with peak electron temperatures 8 keV with simultaneous peak ion

temperature 2 keV and line averaged density 3 × 1019 m−3 [5, 6, 7]. These are typical

conditions for the core electron root confinement [5, 6, 7, 17] which is characterized by

a reversal of the radial electric field from edge to core [18]. First elements of stellarator

optimization could be demonstrated by studying the bootstrap current and neoclassical

transport [19].

For the second operation phase (stage 2) the limiters were replaced by an island

divertor and major areas of the wall are covered with graphite tiles. The island divertor

consists of ten separate modules formed by graphite target and baffle plates that are

matched to the magnetic field structure of Wendelstein 7-X [10, 11]. Depending on

the magnetic configuration (given by the rotational transform ι/2π, cf. Fig. 1) natural
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Table 2. Total surface and maximum allowable heat flux of the in-vessel components

of Wendelstein 7-X. The graphite divertor targets are presently replaced with carbon-

fibre reinforced carbon targets∗ (stage 3). All in-vessel components are pressure water-

cooled from the next operation phase onwards.

in-vessel element material surface/m2 heat flux/MW/m2

total maximum

divertor targets graphite/CFC∗ 19 10

divertor baffles graphite 22 0.5

divertor closures steel 10 0.2

heat shield graphite 47 0.3

panels steel 62 0.2

port liners steel ∼ 100 0.2

magnetic islands form at the plasma boundary. They are intersected with the divertor

target plates and thus establish a multi-X-point divertor for the exhaust of particle and

heat flows across the last closed flux surface. The aim of the second operation phase

is to demonstrate full divertor operation and exhaust combined with improved plasma

performance.

3. High density stationary discharges

The plasma performance of Wendelstein 7-X in terms of plasma density, ion temperature,

stored energy, and discharge duration has dramatically improved after the installation

of the graphite heat shields and the graphite island divertor. Another significant step

forward was made with a suite of wall conditioning measures [20]: The plasma vessel

is baked at 150 deg C in order to remove water and hydrocarbons from the vessel wall

and in-vessel components. Without magnetic field, glow discharge cleaning (GDC)

is applied in hydrogen (to reduce residual CO and CH4) and helium gas (to reduce

H2). With the superconducting magnets ramped up, an additional wall conditioning

inbetween discharges was made with ECRH short pulse trains followed by pumping

intervals. The GDC in helium and hydrogen as well as the occasional ECRH pulse train

conditioning of the plasma facing components (with total surface areas of 88 m2 graphite

and 82 m2 steel) have greatly reduced the outgassing rates, rapidly dropping to values

that were reached only at the end of the initial (stage 1) operation phase with graphite

limiters. Plasma densities of 1 − 5 × 1019 m−3 with electron temperature 5 − 10 keV

were achieved with hydrogen gas fueling; higher densities where not accessible due to

the radiative limit. High plasma densities up to 1.4 × 1020 m−3 could be reached with

repetitive hydrogen pellet injection and second harmonic ECR heating in O-polarization

(O2-scheme, cf. Fig 3(b) below). In a similar scenario with hydrogen plasma, at a

central density of 8 × 1019 m−3, the ions are indirectly heated and a temperature of
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Figure 2. (a) Maximum density achieved before onset of radiation collapse versus

heating power before (blue symbols) and after boronization (red symbols). The lines

indicate the predicted critical density nc for different impurity fractions fimp = 5%, 1%

and 0.5%. (b) Spectral lines of C and O ionization stages before and after boronization.

At about 4.9 nm a small B V line arises after boronization.

3.4 keV with Te/Ti ≈ 1 was accomplished, still with second harmonic ECR heating

in X-polarization (X2-scheme). This discharge corresponds to a (stellarator) record

nTi(0)τE = 6.4× 1019 keVs/m3 with a peak diamagnetic energy of 1.1 MJ and volume-

averaged normalized plasma pressure 〈β〉 = 1.5 % [21, 22]. The corresponding radial

temperature and density profiles are both centrally peaked with typical gradient lengths

LTe,i
≈ 3− 4 m and Ln ≈ 2− 3 m. The radial density profile significantly steepens with

central fueling, e.g. by pellet injection or neutral beam injection (see below). Futher

details about the kinetic profiles are found in Ref. [21]. Routinely, stable 25 s long-

pulse helium discharges with 2− 3 MW ECRH power and up to 75 MJ injected energy

were created for equilibrium and divertor load studies, with plasma densities around

5× 1019 m−3 and 5 keV electron temperature.

Boronization was conducted for the first time half-way the experimental campaign

[23] (in total three times). Here, a glow discharge with 10% diborane B2H6 in 90% helium

background gas was operated for 4−5 hours to deposit a boron layer of about 50−100 nm

thickness. The boron layer turned out to last for at about 200 plasma seconds on the

strike line position of the divertor targets and for at least about 2000 plasma seconds on

other wall elements. In fact, the excellent wall conditions did not degrade significantly

during the accumulated 2400 s of plasma duration between each two boronization cycles

and it can be assumed that longer cycle times are well possible. Fig. 2(a) shows the

difference between the discharge conditions before and after boronization [24]. With

the same ECR heating power and normal gas puffing, about ×3 higher plasma densities

could be reached without radiative collapse. This improvement is due to a reduced O

and C content, which strongly reduces the radiative power losses predominantly in the

plasma edge, where the radiative collapse usually starts. The observed critical densities

and their scaling with heating power is compared to the scaling law derived in Ref. [25].

For the Wendelstein 7-X parameters the scaling n̄c ∝ P 0.6/f 0.4
imp is plotted for different

impurity fraction values fimp = nimp/ne = 5%, 1% and 0.5%, respectively. Before

boronization the observed nc values scale weaker than predicted even for fimp = 5%.
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Figure 3. (a) Multi-pass absorption scheme using tungsten reflector tiles with

holographic grating, mounted on the inner and the outer sides of the in-vessel system.

(b) O2-mode heating scenario showing from top to bottom the heating power in

X- and O-mode polarization (blue), the line-integrated density, the electron density

measured by Thomson scattering (red) and electron cyclotron emission (black), and

stray radiation measured in the device module where the wave launcher is located

(black) and in the two neighboring modules (green and blue).

After boronization, there is a good agreement with the scaling law for fimp = 0.5−1%. To

highlight the effect of boronization on O and C impurities, spectroscopic measurements

of O V and O VI as well as C V and C VI ions before and after boronization are shown in

Fig. 2(b). The spectroscopic signals are normalized to the line-averaged plasma density

measured for the respective discharge. Note that for the lower wavelengths, no absolute

calibration is available and temperature and profile effects have not yet been taken

into account. Nevertheless, a strong reduction of the spectral line strength by ×2.5 for

carbon and ×6.5 . . . 8 for oxygen is evident and a similar reduction in the associated

impurity concentration can be assumed. This is a clear indication for the expected

gettering effect by the boron layer on the plasma facing components [26].

With the extension of the density limit, ECR heating schemes beyond the X-mode

cut-off density 1.2 × 1020 m−3 became important. In O-mode polarization ECR waves

have a cut-off density of 2.4× 1020 m−3, with the drawback of relatively low absorption

rate of 70%, even at the favorable high electron temperature Te ' 3keV and density

ne = 1 × 1020 m−3. In combination with pellet injection, the heating scenario shown

in Fig. 3 was developed [27, 28, 29]: The plasma start-up (here in helium) is made

with three gyrotrons in X-mode polarization. During the following 2 s the polarization

is changed to O-mode polarization. At t = 2 s the density ramp-up is steepend by

repetitive hydrogen ice pellet injection and at t = 3 s further six gyrotrons (in O-mode)

are added. At the peak density of 1.4× 1020 m−3 the electron temperature is still close

to 3 keV. The 141 GHz electron cyclotron emission (ECE) signal vanishes due to excess

of the X2-mode cut-off density (indicated by the orange strip). The stray radiation
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Figure 4. O2-mode heated long pulse high density plasma discharge. Shown are

(from top to bottom, left and right scale) heating power, total radiative power,

line-integrated density, electron cyclotron emission at 141 GHz, ion and electron

temperature, diamagnetic energy and total divertor power load. The slow oscillations

are generated by the feedback-controller. The 141GHz ECE channel runs into the

cut-off after 2 s verifying the pure 140 GHz O2-heating.

signal always remains in an acceptable range, even in the device module where the wave

launcher is located. In the optimum O2-heating regime, the stray radiation level is

found to be below 10 kW/m2.

As outlined above, wall boronization has greatly extended the plasma density range

to much higher values. After the first successful experiments in helium plasmas combined

with hydrogen pellet injection, the previously described ECR O2-heating scheme became

also the reference heating scheme for high density gas fueled hydrogen plasmas as well

[27, 28, 29]. An example is shown in Fig. 4. The ECR heating power is 6 MW in

total and is almost fully absorbed. The radiation fraction stays constant at 60%. At

the (line-integrated) plasma densities > 1 × 1020 m−3 ions are efficiently heated by the

electrons and one obtains almost thermal equilibration Te ≈ Ti. The divertor is fully

detached [30] and the power load drops to ≤ 1.5 MW. The discharge duration was

limited to 14 s due to the technical limit of 80 MJ maximum injected energy set at that

time period of operation. Since the divertor power detachment turned out to be well

under control and the power load on the targets correspondingly low, the technical limit

for the total heating energy could be extended from 80 to 200 MJ. A similar O2-heated



Overview of first Wendelstein 7-X high-performance operation 12

discharge could be extended to 30 s discharge duration at 5 MW heating power, again

with full power detachment and similar plasma parameters [27]. In addition, high density

operation could be demonstrated with pure neutral beam injection heating (3.5 MW H+)

after starting the plasma with ECRH (X2-mode). Possibly explained by the additional

central fulling from the neutral beam, the plasma density increases throughout the NBI

phase with more peaked density profiles and up to n(0) = 2 × 1020 m−3. The ion

temperature raises by about 10% to above 2 keV, the electron temperature drops after

termination of the ECRH to values ≈ 20% below Ti. The orbit losses related to the

neutral beam injection are discussed in Ref. [27].

4. Stellarator Optimization

It is the ultimate goal of Wendelstein 7-X to demonstrate the beneficial effect of the

optimized magnetic field geometry, in particular reduced neoclassical transport and

bootstrap current along with magnetic islands well-localized at the edge and good

magneto-hydrodynamic stability [4]. Fast particle confinement is another important

aspect of optimization [31]. The sum of all should result in improved plasma confinement

and fully integrated, stable plasma scenarios with simultaneously high Ti ≈ Te at high

particle densities. In the ion root regime [32], the energy confinement times τE are

expected to be better than the ISS04 [33] stellarator scaling if most of the energy

transport is neoclassical. High-performance plasma scenarios require good control of

the plasma-wall interaction (in particular the impurity source), the heat and particle

exhaust as well as the particle recycling. Details are discussed in Ref. [30]. In this

section we present a number of experimental results that provide evidence for successful

stellarator optimization.

Fig. 5(a) shows Rogowski coil measurements of the time evolution of the net toroidal

plasma current for plasmas with constant ECR heating power in different magnetic field

configurations: low iota (magenta line, label DAM), standard (blue lines, labels EIM

and EJM), high mirror (green lines, label KKM), high iota (black lines, label FTM). The

dashed red lines are exponential fits of the measurements. A prediction based on one-

dimensional transport modelling and numerical calculation of the bootstrap current is

shown in Fig. 5(b). The transport code requires as input the measured ne and Te profiles

(not available for DAM). The time scale, mainly given by the R/L time ≈ 10 s (L and R

are plasma inductance and resistance, respectively), and the expected strong reduction

of the bootstrap current in high-mirror and high-iota configurations are well confirmed

by both measurement and simulation. The simulations underestimate the measurements

systematically (Fig. 5(b) solid lines). This might well be due to an (unintended) ECCD

component, which is currently under investigation. By considering in the simulations

reasonable residual ECCD of about 2 − 3 kA they quantitatively agree well with the

measurements (Fig. 5(b) dashed lines). First findings on the reduction of the bootstrap

current owing to magnetic field optimization were already reported from the previous

operation campaign without divertor [19].
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The long discharge duration enables to make use of electron cyclotron current drive

(ECCD) for a feed-forward control of the (edge) rotational transform [27, 28, 29], which

is changed by the toroidal current evolution that strongly depends on the magnetic

configuration and the discharge parameters. Central co-/counter ECCD leads under

certain discharge conditions to fast, repetitive electron temperature collapses in the

core or even a total plasma collapse. This is likely due to the rotational transform

crossing unity ι/2π = 1, triggering an MHD instability [27, 29].

During the above discussed high density, high performance 1.1 MJ discharge with

pellet injection into a helium target plasma (cf. Sec.3), electrons and ions thermalize and

the ambipolar radial electric field Er is expected to be negative throughout the plasma

Figure 5. (a) Time evolution of the toroidal current measured with Rogowski coils.

The different colors indicate the different magnetic configurations (see text). The

dashed lines are exponential best-fits to the decaying shielding current. (b) Transport

code simulations of the toroidal current based on experimental density and temperature

proles for the same magnetic congurations. Solid or dashed lines indicate simulation

results without or with (unintended) residual ECCD, respectively: EJM 2.6 kA, EIM

2.7 kA, KKM 2.1 kA, FTM 1.8 kA.

Figure 6. (a) Radial electric field measured with the X-ray imaging camera system.

In the time interval t = 1.5 . . . 2.5 s a negative radial electric field forms throughout

the entire plasma core. (b) Tomographic reconstruction of the soft X-ray radiation in

the triangular plane, overlayed with the corresponding numerical plasma equilibrium

calculation (VMEC). The X-ray cameras used for the reconstruction are indicated with

their viewing lines.



Overview of first Wendelstein 7-X high-performance operation 14

core (ion-root) [32]. This is clearly seen in measurements with the X-ray imaging crystal

spectrometer (XICS, Fig. 6(a)), where the sudden transition from positive to negative

Er is correlated with the time interval during which Te ' Ti. The neoclassical heat

transport is predicted to be significantly reduced in the ion-root regime, as discussed

more comprehensively in Ref. [34].

Fig. 6(b) shows the tomographic reconstruction of the soft X-ray radiation at the

triangular cross section, using a set of poloidally arranged X-ray cameras [35]. The

measurement is overlayed with the numerically calculated plasma equilibrium using

the VMEC code [36] for 〈β〉 = 1%. There is a good agreement between measured

and calculated plasma equilibrium. The Shafranov shift is found to be 1 − 2 cm only,

as predicted for the optimized stellarator magnetic field with reduced Pfirsch-Schlüter

current. For 〈β〉 ≤ 1.5% the the plasma in Wendelstein 7-X is expected to be MHD

stable [3, 4] and indeed no distinct activity is observed in the magnetic and X-ray

diagnostics. As mentioned above, MHD instabilities can be driven by central ECCD.

Alfvén modes were observed under certain NBI discharge scenarios. The analysis of the

corresponding data is in progress and will be published elsewhere.

Impurity transport is another key issue of (optimized) stellarators. As discussed

in Sec. 3 the radiative density limit strongly depends on the impurity concentration

fraction. Furthermore, impurity accumulation is considered as a major stellarator issue,

since in particular in the ion-root confinement regime with Te ' Ti, the neoclassical

impurity convection is inwards-directed, as for example observed in the predecessor

device Wendelstein 7-AS [37, 38]. Recent neoclassical transport investigations have

demonstrated that temperature screening can arise in stellarator plasmas in a mixed

collisionality regime (for hydrogen and impurity ions) at high ion temperatures [39].

Up to now, at 〈β〉 ≤ 1.5%, in Wendelstein 7-X no evidence for impurity accumulation

Figure 7. Laser blow-off injection of iron impurities into ECR heated hydrogen

plasma. (a) Time evolution of selected iron ionization levels and forward-modelling

curves (black lines). (b) Neoclassical and anomalous diffusion coefficient profiles. (c)

Neoclassical convection velocity profiles.
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has been found in all relevant plasma scenarios, even at high particle densities in the

1 × 1020 m−3 range as well as in the ion-root confinement regime. To investigate the

transport physics of impurity particles, active diagnostics namely laser blow-off (LBO)

[40] and impurity pellet injection [41] (tracer encapsulated solid pellets, TESPEL) are

used, combined with fast high-resolution spectrometers. Fig. 7a shows the evolution

of line radiation from different Fe ionization stages after injecting iron (LBO) into a

hydrogen plasma at 5 MW of ECR heating power and a line-averaged plasma density of

2× 1019 m−3. The rise-time and the decay-time of the different charge stages depend on

the radial diffusion D(r) and convection v(r) profiles and consequently contain valuable

information on the impurity transport. The measured data is compared with forward-

modelling using the 1d impurity transport code STRAHL [42]. If as input parameters

purely neo-classical diffusion and convection profiles are used, obtained from DKES [43]

code runs [Fig. 7(b) and (c)], only poor agreement is obtained (not shown). In contrast

to that, if additional anomalous diffusion is assumed [black line in Fig. 7(b)], the

forward-modelling calculations match the experimental data very well [black curves

in Fig. 7(a)]. The corresponding level of anomalous diffusion is more than two orders

of magnitude above the neo-classical level, which strongly suggests dominant turbulent

transport. Probably ion temperature gradient (ITG) driven turbulence is the main

contributor here, since ITG is expected during flat density gradients and high Te/Ti
ratios as present during the experiments [44]. More detailed and systematic studies

under different plasma parameters, as well as comparisons with gyro-kinetic simulations,

are ongoing [45].

Figure 8. (a) High performance discharge with pellet injection during t = 1 . . . 1.6 s

in a hydrogen target plasma. At t = 1.6 s the ECR heating power is doubled. The

diamagnetic energy peaks at t ≈ 2 s. (b) Temporal evolution of the line-integrated

plasma density (blue) and the turbulent density fluctuation level (green) for a pellet-

fueled discharge and the related spectrogram of plasma density fluctuations.
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Wendelstein 7-X is neoclassically optimized and turbulent transport is expected to

play a significant role in the regulation of radial heat diffusivity and particle exhaust.

Turbulence studies are therefore of key importance and a suite of diagnostic instruments

is available, namely correlation reflectometry [18], various probes for edge turbulence

measurements [46] and phase contrast imaging (PCI) for characterization of turbulence

in the plasma core [47]. PCI samples plasma density fluctuations along the line-of-

sight of an infrared laser beam in the predominantly unfavorable magnetic curvature

region. Nonlinear gyrokinetic simulations indicate that ion temperature gradient (ITG)

and trapped electron modes (TEM) are possible in the plasma core but the latter are

different from their tokamak counterparts [48, 49]. Both modes are unstable in regions

of unfavorable magnetic curvature, which in Wendelstein 7-X are mainly localized in the

outboard bean-shaped cross section. In usual gas-fueled discharges, ion temperature and

plasma density gradient regions are well separated. Thus, ITG modes are destabilized

deep in the plasma core, whereas TEM modes are localized in the edge plasma. An

interesting observation is made with PCI when the plasma is centrally fueled by

pellets (Fig. 8(a)). The density fluctuation amplitude is usually proportional to the

line-integrated plasma density (Fig. 8(b)). However, after pellet fueling t2 = 1.6 s,

the fluctuation level suddenly drops and improved energy confinement is observed.

The fluctuation spectrogram supports the picture: The entire fluctuation spectrum is

temporarily reduced in amplitude, but evolves transiently for t3 < t < t4 starting from

high frequencies until the usual linear scaling is recovered. Linear gyrokinetic simulations

suggest [50], that the turbulence suppression is the result of a radial overlap between

plasma density and temperature gradients, as it is generally observed in pellet discharges.

Low Te/Ti ratios and gradient length LTi
' Ln ' 2−3m stabilize ITG, whereas TEM is

naturally stabilized by the good magnetic curvature regions [48, 49]. This observation

shows that indeed turbulent transport plays an important role in Wendelstein 7-X and

that its reduction, e.g., by centrally peaked density profiles, could well be the key for

the development of improved confinement scenarios. A more comprehensive discussion

of turbulence and the related transport is found in Ref. [51].

5. Summary

In conclusion the plasma performance of the optimized stellarator Wendelstein 7-X

has significantly improved after the installation of the graphite island divertor and the

graphite wall elements. Impurity and heat exhaust are now well under control and

long high-density discharges became accessible, especially after boronization. With

a boronized wall, the radiative density limit could be shifted to three times higher

values, on the expense of a slight degradation of the energy confinement time at the

limit. With quite low ECR heating power, record values for the triple product in

stellarators were achieved, albeit only transiently for a short time. The long discharges

may well have set other records in comparison to other fusion research devices. The

main limitations for high-performance long-pulse plasmas are limited heating power
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and not yet fully implemented water cooling of the in-vessel components. Nevertheless,

in general excellent plasma performance with up to 〈β〉 = 1.2% and β(0) = 3.5% was

achieved by relatively modest ECR O-mode heating power. More heating power is

needed to explore the high beta 〈β〉 >≤ 5% and low ν∗ = 10−6 . . . 10−5 regimes, where

stellarator optimization is relevant in all aspects.

Acknowledgments

This work has been carried out within the framework of the EUROfusion Consortium

and has received funding from the Euratom research and training program 2014-2018

and 2019-2020 under grant agreement No 633053. The views and opinions expressed

herein do not necessarily reflect those of the European Commision.

References

[1] Boozer A., Phys. Plasmas 16, (2009) 058102

[2] Nührenberg J. and Zille R., Phys. Lett. A 114, (1986) 129

[3] Grieger, G. et al., Phys. Fluids B 4, (1992) 2081

[4] Beidler C. et al., Fusion Sci. Technol. 17, 148-168 (1990)

[5] Klinger T. et al, Plasma Phys. Controlled Fusion 59(1) 014018 (2017)

[6] Pedersen T.S. et al., Phys. Plasmas 24, 055503 (2017)

[7] Wolf R.C. et al., Nuclear Fusion 57, 102020 (2017)

[8] Klinger T. in Magnetic fusion energy: From Experiments to Power Plants, G. Neilson ed.,

Woodhead Publishing (2016)

[9] Klinger T. et al., Fusion Eng. and Design 88, 461465 (2013)

[10] Renner H. et al., Plasma Phys. Controlled Fusion 44(6) 1005-1019 (2002)

[11] Bosch H.S. et al., Nuclear Fusion 52(12) 126001 (2013)

[12] Nagel M. et al., Fusion Eng. Design 86(9-11) 1830-1833 (2011)

[13] Erckmann V. et al., Fusion Science and Technol.52 (2007) 291-312

[14] Warmer F. et al., Plasma Phys. Control. Fusion 58 074006 (2016)

[15] McNeely P. et al., Fusion. Eng. Design 88(6-8) 1034-1037 (2013)

[16] Ongena J. et al., ”Preparing the ICRH System for the Wendelstein 7-X Stellarator”. Preprint:

2018 IAEA Fusion Energy Conference, Ahmedabad EX/P8-27

[17] Yokoyama M. et al., Nuclear Fusion 47 1213-1219 (2007)

[18] Windisch T. et al., Plasma Phys. Controlled Fusion 59(10) 105002 (2017)

[19] Dinklage A. et al., Nature Physics 14 855-860 (2018)

[20] Wauters T. et al., Nuclear Fusion 58(6) 066013 (2018)

[21] Bozhenkov S. et al., ”High density and high performance operation with pellet injection in W7-X”.

Preprint: 2018 IAEA Fusion Energy Conference, Ahmedabad EX/P8-8

[22] Pedersen T.S. et al., Plasma Phys. Controlled Fusion 61 014037 (2019)

[23] Brakel R. et al., ”Strategy and Optimization of Wall Conditioning at the Wendelstein 7-X

Stellarator”. Preprint: 2018 IAEA Fusion Energy Conference, Ahmedabad EX/P8-17

[24] Fuchert G. et al., ”Increasing the Density in W7-X: Benefits and Limitations”. Preprint: 2018

IAEA Fusion Energy Conference, Ahmedabad EX/3-5

[25] Zanca, P. et al., Nucl. Fusion 57(5) 056010 (2017)

[26] Winter, J. et al., J. Nucl. Mater. 14 76177 (1990)

[27] Wolf R. et al., to be submitted to Phys. Plasmas (2019)

[28] Stange T. et al., submitted to Phys. Rev. Lett. (2018)



Overview of first Wendelstein 7-X high-performance operation 18

[29] Laqua H. P. et al., to be submitted to Nuclear Fusion (2019)

[30] Pedersen T.S. et al., ”First Divertor Physics Studies in Wendelstein 7-X”. Preprint: 2018 IAEA

Fusion Energy Conference, Ahmedabad EX/9-1

[31] Drevlak M. et al., Nuclear Fusion 54(7) 073002 (2014)

[32] Helander P. et al., Plasma Phys. Control. Fusion 54 124009 (2012)

[33] Yamada H. et al., Nuclear Fusion 45(12) 1684-1693 (2005)

[34] Pablant N. et al., ”Investigations of the Role of Neoclassical Transport in Ion-Root Plasmas on

W7-X”. Preprint: 2018 IAEA Fusion Energy Conference, Ahmedabad EX/P8-31

[35] Brandt, C. et al., Fusion Eng. Design 123, 887 (2017)

[36] Hirshman S. P. and Whitson J. C., Phys. Fluids 26, 3553 (1983)

[37] Giannone L. et al., Plasma Phys. Contr. Fusion 42(6) 603-627 (2000)

[38] Burhenn R. et al., Nuclear Fusion 49(6) 065005 (2009)

[39] Helander P. et al, Phys. Rev. Lett. 118 155002 (2017)

[40] Wegner T. et al., Rev. Sci. Instrum. 89(7) 073505 (2018)

[41] Bussiahn R. et al., Rev. Sci. Instrum. 89 10K112 (2018)

[42] Behringer, K. et al., Plasma Phys. Fusion Technol. 19 57 (1987)

[43] Hirshman S. P. et al., Phys. Fluids 29 2951 (1986)

[44] Geiger B. et al., accepted by Nuclear Fusion (2019)

[45] Wegner T. et al., to be submitted (2019)

[46] Killer C. et al., ”Characterization of the W7-X Scrape-Off Layer Using the Multipurpose

Manipulator”. Preprint: 2018 IAEA Fusion Energy Conference, Ahmedabad EX/P8-18

[47] Edlund E. et al., Rev. Sci. Instrum. 89 10E105 (2018)

[48] Proll J. et al., Phys. Rev. Lett. 108(24) 245002 (2013)

[49] Plunk G. et al., J. Plasma Phys. 83, 715830404 (2017)

[50] Alcuson J. et al., to be submitted (2019)

[51] Grulke O. et al., ”Plasma Dynamics and Transport Studies in Wendelstein 7-X”. Preprint: 2018

IAEA Fusion Energy Conference, Ahmedabad EX/P8-9


