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Abstract 

Wall conditioning is of utmost importance on the path to high density, steady state operation at the superconducting 

Wendelstein 7-X stellarator. Major issues are to achieve low outgassing from the first wall and a low level of plasma impurities, 

which are prerequisite to achieve controllable high density plasmas. In addition to the traditional tools of baking and glow 

discharge conditioning alternate microwave based methods which are applicable with the permanently activated magnetic field 

are systematically developed and optimized. These use ECRH-pulse trains or single longer ECRH-discharges at moderate 

plasma density to desaturate the wall from the fueling gas. Additionally, the first boronisation significantly extended the 

operation space up to densities beyond 1020 m-3 by significant reduction of oxygen and carbon impurities. 

 

1. INTRODUCTION 

Wall conditioning in fusion devices is prerequisite to provide reproducible boundary conditions for plasma 

operation and to achieve high performance plasmas in terms of high density, high heating power and long 

discharge length. Major issues with respect to conditioning are to achieve low outgassing from the plasma facing 

components, low particle recycling and a low level of impurities. Reaching these goals is essential for density 

control, high density operation and low energy losses by impurity radiation and low Zeff. Therefore, 

implementation and optimisation of a systematic wall conditioning strategy was a major issue during the second 

operation campaign of the superconducting Wendelstein 7-X stellarator. The campaign was split into two phases, 

OP1.2a and OP1.2b, interrupted by a short in-vessel assembly phase which required venting for access into the 

vessel. The results reported here are essentially those from the 2nd phase. 

Throughout the campaign W7-X was equipped with a fine graphite divertor (about 60 m2, target, baffle and 

toroidal closures) and a first wall consisting of a graphite heat shield of about 50 m2 and stainless steel panels of 

about 80 m2. The plasma facing components were inertially cooled with only few exceptions at positions which 

might receive non-absorbed heating power (potential shine through areas opposite of the ECRH and NBI launch). 

The free volume of plasma vessel and ports amounts to ~130 m3 and the total pumping speed of the vacuum 

system is 38 m3/s. Plasma heating was provided by the 140 GHz electron cyclotron resonance heating (ECRH) 

system. 

The initial conditions for the campaign were provided by baking at 150°C to remove water and higher 

hydrocarbons from the surfaces. Subsequently, intense hydrogen glow discharge cleaning (GDC) was applied to 

reduce residual impurities, such as CO and CH4. Final glow discharge cleaning in helium was applied to deplete 
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the surfaces from hydrogen. During the regular W7-X plasma operation the application of a permanent magnetic 

field inhibits the use of GDC for inter-shot conditioning. Thus, GDC can only be applied when the 

superconducting coils are deactivated, i.e. before and after an experiment day. Instead, microwave based methods 

using the ECRH system are applied and continuously optimized for inter-shot conditioning between plasma 

discharges. This comprises pulse trains of intermittent short ECRH discharges with pumping intervals for the 

desorbed particles as well as single but longer ECRH discharges at low plasma density, both being operated in 

helium. Substantial further progress was finally achieved by boronisation, which opened access to high density 

operation up to ≥11020 m-3. 

During the preceeding first operation phase with carbon limiters the normalised outgassing p/E was 

continuously monitored as an indicator for the quality of the wall conditions [1]. Here, p is the peak value of the 

pressure increase in the vessel by outgassing from the wall after a plasma discharge and E is the ECRH heating 

energy launched during the discharge. The steadily decreasing long-term trend of the outgassing pressure followed 

a p/E ~ t-0.7 law,  with the cumulated discharge time t, which is rather well described by a trapping/detrapping 

model [2]. “Good” wall conditions with respect to plasma performance were achieved at values of p/E < 110-

9 mbar/kJ. With the current divertor configuration no significant trend was observed. Instead, the normalised 

outgassing scattered from the beginning around a lower level of 110-9 mbar/kJ without any obvious relation to 

the progress of the wall conditions, see Fig. 1. The different outgassing behavior in limiter and divertor is 

obviously related to the different geometry and the pumping capability of the divertor.  

2. CONDITIONING STEPS 

2.1. Baking 

After initial pump down to 610-8 mbar plasma vessel and ports were baked out up to 150 °C with a flat top phase 

of 7 days (Fig. 2). The ports cross through the W7-X cryostat and have lengths up to 2 m. Because of a reduced 

coverage by the water based heating system large areas of the port surfaces are mainly heated by conduction from 

the hot plasma vessel and the outer flanges, which are electrically heated to 160 °C to avoid condensation traps. 

Thus the baking temperatures along the ports ranges between about 100 to 160 °C. Outgassing during the 

temperature flat top phase follows a ~t-0.7 dependence, which implies that the efficiency of desorption by baking 

steadily decreases. Therefore, extending the baking phase would result in only marginal improvement of the 

vacuum conditions [3]. After cool down the pressure in the vessel was reduced by a factor of 3 to 210-8 mbar. 

Comparison of the mass spectra before and after baking does not show the large impurity removal as was observed 

for OP1.2a. This is attributed to the short venting phase of only 4 months with restricted access to the vessel, 

leaving the walls rather clean. In contrast, OP1.2a was preceded by a 14 months in-vessel assembly phase for 

installation of the divertor and additional graphite tiles, and baking released almost all high hydrocarbons and the 

amount of dominating impurities was significantly reduced (H2O by factor of 11.8, CH4 by 11.6, CO by 2, O2 by 

2.2, CO2 by 10.2). 

FIG. 1: The normalized outgassing in OP1.2b as a function of cumulated discharge time. The black dotted line 

indicates the outgassing level of 110-9 mbar/kJ. The red dashed lines mark the first two boronisations. 
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2.2. Glow discharge cleaning 

Glow discharges are applied as the last conditioning step before the start of regular plasma operation. The glow 

discharge system consists of ten graphite anodes (one per W7-X half module) with individual power supplies, 

each being capable to be operated with currents up to 3A and voltages up to 3kV within a power limit of 3kW [4]. 

The electrodes are mounted at the outboard side of the plasma vessel and are embedded in the stainless wall 

panels. Their positions are identical with respect to the modular symmetry of W7-X in order to provide a current 

density distribution at the wall as homogenous as possible. The procedure of running a glow discharge has been 

systematically optimized with respect to the discharge break down conditions, avoidance of hollow cathode 

discharges in the ports at high gas pressure, and the reduction of burn voltages in order to avoid excessive 

sputtering of wall material, in particular from the stainless steel wall panels [5]. Sputtered material will be 

FIG. 2. Left: Baking temperatures of plasma vessel (black), ports with reduced (blue) and with full coverage (red) by 

heating pipes (top). Evolution of plasma vessel pressure during baking (bottom). Right: The mass spectra of exhaust gas 

before (blue) and after (red) baking for the operation phases OP1.2b (top) and of OP1.2a for comparison (bottom).  

 

FIG. 3. Left: Removal of the major species, in particular H2O, CO and CH4, by cumulative 9.2 hours of intense 

hydrogen glow discharge conditioning as observed by the mass spectrometer. 
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redistributed and partly deposited at surfaces, which are erosion dominated during subsequent regular stellarator 

operation. This leads to enhanced levels of iron and chromium in plasma discharges following a glow discharge. 

Limitation of the maximum current per electrode to <1.5A and a burn pressure of 410-3 mbar has been found as 

an acceptable trade-off between glow discharge efficiency, the minimization of metal sputtering and the avoidance 

of discharges in the ports [5]. With ten anodes this corresponds to an average current density at the wall of about 

50 mA/m2. Glow discharges are monitored visually by the video diagnostic, in order to assure that the discharges 

do not extend into the ports which might damage diagnostic installations.  

Intense glow discharge conditioning (GDC) in hydrogen lasting for 9.2 hours was applied after baking to remove 

the residual impurities further. The hydrogen glow reduced H2O by a factor of 12, CH4 by 5, CO/N2 by 13, O2 by 

5, Ar by 6 and CO2 by 36 (Fig. 3). Most of the impurity trends follow the ~t-0.7 relation except of the carbon oxides. 

This may be due to an additional chemical erosion of carbon via reactions with oxygen. In comparison, the H2O 

level is already lower by an order of magnitude due to the preceding baking. Thereafter, hydrogen is removed 

from the surfaces by one hour He-GDC, which turned out to be too short, since start of regular plasma operation 

at the following day was hampered by the still outgassing of hydrogen. This caused frequent plasma collapse in 

the start-up phase or prevented ignition, but could be overcome by applying ECRH pulse-trains. 

In the preceding campaign each week of stellarator operation started by up to one hour H2-GDC to remove 

impurities, which was followed by up to 30 min He-GDC to deplete the surfaces from hydrogen. Short He-GDC 

was also applied before start of daily stellarator operation in order to de-saturate the surfaces from hydrogen which 

has accumulated during previous operation. This procedure was suspended after the first boronisation to avoid 

sputtering of the boron layer. 

2.3. Electron cyclotron wave conditioning 

During plasma operation the permanent availability of effective wall conditioning methods which are applicable 

with the permanent magnetic field is mandatory for superconducting devices, in order to react whenever density 

control is lost due to wall saturation and outgassing during operation. The permanently activated magnetic field 

inhibits the use of glow discharge cleaning for inter-shot conditioning. Field ramp down is time consuming and 

additional load cycles of the magnet system have to be avoided. Therefore, glow discharge cleaning can only be 

applied before and after a day of plasma operation, when the field is ramped down. Instead, microwave based 

methods using the standard 140 GHz ECRH plasma heating system are used and continuously optimized for 

conditioning between plasma discharges. This comprises pulse trains of intermittent ECRH discharges with 

pumping intervals for removal of the particles which have been desorbed from the wall and divertor, as well as 

single but longer ECRH discharges at low plasma density and termed recovery discharge. Both are operated with 

helium. 

2.3.1. Pulse trains 

Fig.4:Top: ECRH conditioning train (20180920.35) with 10 pulses at 2.1MW for 3 s each (blue), the electron 

temperature in keV (yellow) and the average plasma density in 1019 m-3 (red). Bottom: total pressure in 10-5 

mbar (blue) and the H2 partial pressure (red) in the exhaust gas.   
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The efficiency of pulse trains has been optimized with respect to the duty cycle in terms of the ratio between the 

length of a single heating pulse and the pumping time between two consecutive pulses. Fig. 4 shows a pulse train 

at 2.1 MW ECRH power and 3s pulse width (except of the first one with 2s to avoid exceeding the cut-off density). 

The cycle time is 36 s. The electron temperature is about 2 keV and the plasma density reaches 6x1019 m-3 for the 

first pulses but decreases continuously demonstrating the conditioning effect. Outgassing from the wall and 

removal by pumping is monitored by the total pressure and the mass spectrometer. 

The dependence of the hydrogen removal efficiency on the ECRH pulse length has been studied by pulse trains 

with 2.1 MW heating power and pulse lengths between 1.0 s and 3.5 s at pulse intervals of 20 s as shown in Fig.5. 

In order to provide comparable initial conditions the first pulse of each train was an identical reference pulse with 

2.1 MW and a length of 2s. The efficiency is monitored by the m=2 signal of the residual gas analyser. Obviously, 

longer pulses have a higher efficiency. Nevertheless, the length should not be chosen too high, since otherwise 

strong gas release from the wall can cause a collapse of individual pulses during the train. This is counter-

productive because it additionally loads the wall. The pulse length has therefore been limited to 2 s. Investigation 

of the influence of the pumping time between pulses showed increasing efficiency of hydrogen removal with 

longer intervals. Since the improvement was not very pronounced, a cycle time of 15s was mostly used during 

operation  

2.3.2. Recovery discharges 

Long discharges in helium at low density, moderate heating power and with pulse length of the order of 10 seconds 

also have the potential to desorb hydrogen from the wall. They are termed recovery discharge since they can re-

establish density control for hydrogen plasmas if lost by high wall fueling. However, it has been shown, that the 

efficiency of hydrogen removal is only 50% to 75% as compared with pulse train conditioning [5]. Furthermore, 

wall fueling by hydrogen released from the saturated wall can terminate the discharge by a radiative collapse 

during the first application. This requires at least a second application or even more. Therefore, recovery 

discharges have not been routinely applied.  

  

Fig.5: Comparison of the removal efficiency for hydrogen by ECRH pulse trains with different pulse length of 

1s (red), 2 s (yellow), 2.5 s (magenta) and 3.5 s (blue). A single ECRH pulse has a power of 2.1 MW  for 2s. 

The pulse intervall is 20s. 
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2.4. Boronisation 

With application of the conditioning procedures described above efficient operation of W7-X was possible, but 

the plasma density was limited to below 51019 m-3with gas fueling. This instantaneously changed with the first 

application of boronisation, which opened the window to high density operation up to 1020 m-3. The first 

boronisation was applied three weeks after the start of operation phase OP1.2b by means of a glow discharge in a 

90:10 He:diborane mixture. The coating phase lasted for 3.5 h followed by 20 min He-glow to remove residual 

diborane. The expected thickness of the deposited boron layer is of the order 50 to 100 nm according to experience 

from deposition probe measurements at e.g. TEXTOR [6] and W7-AS [7]. It will be estimated post-mortem. A 

second boronisation followed four weeks later and a third is foreseen. After the first boronisation W7-X was 

exclusively operated with hydrogen for several weeks. Helium plasmas were no longer applied, in order to avoid 

enhanced erosion of the boron layer at the wall by sputtering in helium and glow discharges in both hydrogen and 

helium have been suspended, since not required for density control. 

The impact of boronisation on plasma performance was monitored by dedicated reference discharges of various 

type. With the reference discharges in Fig. 6 the density limit is explored by a density ramp driven by constant 

hydrogen gas puffing. The pre-boronisation reference was preceded by an ECRH conditioning pulse train, in order 

to provide the best conditions as possible for the unboronised surfaces. The discharge is terminated by a radiative 

collapse at a line averaged density of <ne> = 2.3 1019 m-3 (line-of-sight of the interferometer is 1.3 m). After 

boronisation the density saturates at a substantially higher value <ne> = 7.71019 m-3 and central density ne =  

11020 m-3.  

FIG. 6: Reference discharges with density ramp before (left) and after (right) the first boronisation. Shown are 

ECRH heating power and plasma radiation from bolometry (top), line-integrated electron density (top) and the 

H2-flow (middle), the central ion and the electron temperature in the centre and at half radius (bottom).  

FIG. 7: Maximum density achieved before onset of radiation 

collapse versus heating power before and after boronisation. nc 

is a predicted critical density for given impurity fractions fr . 
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The density limit which has been attained before and after boronisation is shown in Fig.7 in dependence on the heating power. 

Predictions for the critical density obtained from an empirical density limit scaling and assuming different impurity fractions 

are included for comparison [8]. The significant improvement in the global parameters is in particular due to the reduction of 

plasma impurities and thus less impurity radiation. The boron layer at the first wall getters oxygen which in turn reduces the 

chemical sputtering of carbon via CO formation at the carbon surfaces. As observed by visible spectroscopy the first 

boroniation reduced in particular the oxygen flux at the divertor by a factor of ~20 and by ~8 at the carbon heat shield. The 

carbon flux is reduced by a factor ~8 as well. Fig. 8 shows the correlation between carbon and oxygen flux in terms of the 

intensity of CII and OII spectral lines normalized to the H-line intensity. All discharges in the standard magnetic configuration 

or close to it have been considered, except those with fast transient behavior. 

Figure 9 shows the sub-divertor neutral pressures before and after boronisation over the line-integrated 

interferometer density. In both experiments the density was ramped up at constant heating power of 3 MW up to 

FIG. 9: Pressure at the divertor pumping gap before (blue) and after (orange) boronisation 

in the same discharges as in Fig. 6. 

FIG. 8: Correlation between the carbon and oxygen fluxes from the wall, as 

observed by visible spectroscopy for nearly all discharges before and after 

boronization in the standard or similar megnetic configurations. 
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the maximum achievable density.  Without boronisation the neutral pressures are in the order of several 1e-5mbar 

with the consequence of bad particle exhaust. With the first boronisation in W7X a whole new operation regime 

became accessible, where high pressures in the divertor pumping gap were reached. Pressure build-up in the 

divertor is observed to scale nearly linearly with line-integrated electron density. The examples shown were 

obtained in the standard divertor configuration ("EJM"). 

Different to the experience at other devices wall pumping of hydrogen after boronisation has not been observed 

at W7-X. The excellent wall conditions and the high plasma performance did not degrade significantly during the 

accumulated 2400 s of plasma duration between first and second boronisation. 

 
3. CONCLUSION 

A conditioning strategy which is consistently adapted to the requirements imposed by the steady state magnetic 

field has been developed at W7-X and systematically optimized with respect to efficiency. Besides conventional 

baking and glow discharge cleaning in particular ECRH based methods with pulse trains, and to minor extent 

recovery discharges, were indispensable in the initial operation phase to reduce excessive wall fueling and to re-

establish density control. Here, pulse trains are to be favored with respect to efficiency and the total process time. 

The first boronisation was a significant step forward with respect to plasma performance. In particular the 

achievable density was extended by a factor of three into the range above 110-20 m3 requiring O2-mode heating 

by the 140 GHz ECRH system. 

With the expected availability of an ion cyclotron resonance heating system an additional tool will be available 

for conditioning with the magnetic field activated in the next campaign. The proof of principle that ICRH pulse 

trains improve density control in subsequent stellarator discharges has already been demonstrated at the W7-AS 

stellarator [9]. Furthermore, the installation of cryo pumps behind the divertors will improve the particle exhaust. 
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