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The main objective of the Wendelstein 7-X (W7-X) stellarator is to demonstrate the integrated

reactor potential of the optimized stellarator line. An important element of this mission is the
achievement of high heating power, high confinement in fully controlled steady-state operation.
In March 2014, after the installation of the last current lead in the outer vessel, the cryostat was
finished, and the commissioning of the W7-X device could start. The installation of the in-vessel
components, diagnostic systems and of peripheral components was continued.

First, the cryostat vacuum system was commissioned and the cryostat was pumped for the first
time. Movements and deformations of the outer vessel and the port bellows during this pumping
agreed rather well with the corresponding FE modelling.

In the fall of 2014 the cryo-piping was finished, and leak-search and cleaning of the 2000 m
piping started. In spring 2015 the magnetic coil set together with the support system, was cooled
down to 4 K without any problem. In the next step, the superconducting magnet system consisting
of 7 circuits with 10 coils each in serial connection was loaded with current for the first time. After
integral commissioning of the magnet system, the magnetic flux surfaces were confirmed with an
electron. Subsequently, the plasma vessel was baked to 150˝C, and the central safety system was
commissioned and validated. In December 2015, the first plasma was ignited in helium with ECRH,
in February 2016 the working gas was switched to hydrogen.

The technical experiences of this commission process and the first operation phase will be
discussed in this paper. The strong backing through numerical modelling and mechanical instru-
mentation monitoring has supported this process to guarantee structural integrity of W7-X main
systems.
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http://iopscience.iop.org/article/10.1088/1741-4326/aa7cbb

http://iopscience.iop.org/article//10.1088/1741-4326/aa7cbb
mailto:claudia.schoenian@ipp.mpg.de
http://iopscience.iop.org/article/10.1088/1741-4326/aa7cbb


1  PD-2 

Final integration, commissioning and start of the Wendelstein 7-X 

stellarator operation 

H.-S. Bosch
1
, R. Brakel

1
, V. Bykov

1
, P. van Eeten

1
, J.-H. Feist

1
, M. Gasparotto

1
, H. Grote

1
,  

T. Klinger
1
, M. Nagel

1
, D. Naujoks

1
, M. Otte

1
, K. Risse

1
, T. Rummel

1
, J. Schacht

1
,  

T. Sunn Pedersen
1
, R. Vilbrandt

1
, L. Wegener

1
, A. Werner

1
, R. C. Wolf

1
, W7-X Team 

 
1 

Max-Planck-Institut für Plasmaphysik, Greifswald, Germany 

 

E-mail contact of main author: bosch@ipp.mpg.de  

 

Abstract. The main objective of the Wendelstein 7-X (W7-X) stellarator is to demonstrate the integrated reactor 

potential of the optimized stellarator line. An important element of this mission is the achievement of high 

heating-powerand high confinement in steady-state operation. Such an integrated plasma operation has not yet 

been demonstrated and represents the major scientific goal of W7-X. The way towards this goal is staged. In the 

first phase, called OP 1.1, December 2015-March 2016, a limiter configuration was used. During the second 

phase, OP 1.2, scheduled for 2017/18, an inertially cooled test divertor and a fully C-covered inner wall will be 

operational. In the subsequent operational phase, OP 2, fully actively water-cooled in-vessel components 

including a steady-state high heat flux divertor and a cryo pump will be established. In this presentation, the 

preparation of the first operation phase as well as lessons learned during the first commissioning phase will be 

discussed, while the physics results from OP 1.1 are reported elsewhere [1]. 

1. Introduction 

At the Max Planck Institute for Plasma Physics in Greifswald, the numerically optimized stellarator 

[2] was constructed and assembled over the past years. The mission of this device is twofold: It has to 

demonstrate the stellarator optimization, but in the long term it also has to prove the steady-state 

capabilities of the stellarator concept. With a confining magnetic field independent of the plasma 

itself, i.e. generated predominantly by external coils only, plasma confinement is intrinsically steady-

state. The main mission of W7-X is to demonstrate steady state operation in plasmas regimes relevant 

for a fusion reactor. The way towards this steady-state operation, however, is staged. In the first 

operation phase, called OP 1.1, a limiter configuration was used for first plasma operation. With five 

graphite limiters at the inner wall, only a few graphite tiles on the inner side (opposite of the ECRH 

launchers) were present. As a result, the energy delivered into the plasma was restricted to 4 MJ. In 

this phase, from December 2015 until March 2016, first experience with the device itself, the control 

systems and the diagnostics was gained. The first commissioning, the operation phase OP 1.1 and the 

lessons learned in both phases, is the topic of this paper. 

Presently, in the completion phase for OP 1.2 (CP 1.2), an inertially cooled test divertor with 10 

modules (2 in each of the 5 modules of W7-X, one at the bottom and one on top of the plasma vessel), 

and a fully C-covered inner wall. Therefore, the energy during the second operation phase, OP 1.2, 

scheduled for 2017/18, will be increase to 80 MJ. Only in the third operation phase (OP 2), an actively 

water-cooled divertor, water-cooled panels and wall tiles and cryo pumps will be established, aiming 

at steady-state operation, starting in 2020. 

2. Assembly and the preparation of the commissioning 

Assembly of the W7-X device started in earnest in 2005, when the first modular, non-planar coils were 

threaded onto the first plasma vessel half-module [3]. The first out of five modules, with ten non-

planar coils and four planar coils around the plasma vessel module and fixed to the segment of the 

central support was ready in August 2008. After the installation of the cryo supply lines and bus-bars 

(superconducting connections between coils and between coils and the current leads), this first module 

of the magnet system was placed in the lower shell of the cryostat vessel, already positioned on the 

machine base in the torus hall, end of October, 2009, before the cryostat module was covered with the 
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upper half. Then the access ports to the plasma vessel (about 51 per module, in total 254) were 

threaded and welded into the plasma vessel and the cryostat vessel. In November 2011 the fifth 

module was transferred onto the machine base and the cryostat vessel could be closed shortly after 

that. After the port installation in this module and the assembly of the fourteen current leads [4] (for 

the seven electrical circuits for the superconducting coils, with 10 coils of one type in series), the 

cryostat (composed of plasma and cryostat vessels and the 254 ports between them) was closed in 

March 2014. At this time, the commissioning of W7-X was started. The installation of the in-vessel 

components, diagnostic systems and of peripheral components was continued (see Fig. 1). 

The assembly process which has taken about 900,000 man-hours up to March 2014, was essentially 

dominated by the high demands on tolerances for the shape and the position of the superconducting 

coils [5]. Due to both high-precision manufacturing tools and extensive geometrical measurements 

during the manufacturing process of the main field coils the as-built current path of the coils deviates 

only by some millimetres from their design geometry. The deviations between the as-built current 

paths of single coils of the same type show much less differences.  

In each out of the five main assembly steps all magnet system components were aligned inside a 

tolerance of 1.5 mm or less. In addition to the high alignment efforts a numerical optimizing process 

was introduced taking into account all known geometrical data to improve the resulting magnetic field 

topology before the alignment of all five magnet system modules. Finally, all 70 main field coils show 

an average alignment deviation of 1.2 mm, whereas the maximum deviation of any coil fiducial mark 

does not exceed 4.4 mm [6]. 

Figure 1. Wendelstein 7-X 

in March 2015. The last 

weld on the cryostat vessel 

is visible between the two 

domes in the middle of this 

picture. The hoses on the 

ports right of that are used 

for the air supply in the 

plasma vessel. In the lower 

right corner one of the 

access booths is visible. On 

top of the device, cable 

trays can be seen.  

 

 

 

 

The commissioning of W7-X was prepared carefully, based on the technological sequence [7], but also 

taking the formal processes and the corresponding quality assurance measures into account [8]. In 

advance of the commissioning, the behaviour of the device was simulated with Finite Element 

Modelling (FEM) to confirm the structural integrity of the stellarator during all commissioning steps, 

design of the components and the device, but also to know where sensitive locations are present, to 

equip those with additional instrumentation [9] and to establish reference values, which during 

commissioning can be compared to the measurements. These analyses were performed for all relevant 

loads: temperature gradients, pressure, deadweight, induced displacements and/or electromagnetic 

forces. 
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3. Commissioning of W7-X 

3.1 Cryostat 

As mentioned above, the integral commissioning started after the closure of the cryostat [10] with the 

startup of the interspace vacuum system, pumping the interspaces of the multilayer port bellows, the 

double sealed flanges at the outer vessel and on the plasma vessel as well as the combined water- and 

current feeding system for the control coils. In June 2014, the cryostat was pumped-down for the first 

time, and at the same time the mechanical integrity of the cryostat was confirmed. Movements and 

deformations of the outer vessel and the port bellows during this pump down agreed rather well with 

the corresponding FE modelling [11, 12], see Figure 2 for a typical displacement plot.  

Figure 2. Deformations of the outer vessel 

shell, as calculated with a FE model for 

the load case of cryostat evacuation [11].  

 

 

 

 

 

 

3.2 Cryosupply 

At the same time, the cryo-piping outside the cryostat was completed. After a check and the approval 

by the authorities, cryo-system was commissioned locally. This lengthy procedure started in fall of 

2014 with the leak-search and cleaning of the 2.000 m piping. The cleaning of the piping inside the 

cryostat was performed by sudden expansion of nitrogen gas. Subsequently, the piping was purged and 

filled with helium gas a few times before the helium was circulated in the full cryo system circle and 

cleaned with the cold absorber system of the cryo plant. The cryo plant, which had been stopped after  

 

Figure 3: Cool-down of the W7-X magnet system  in  

the first quarter of 2015. In less than 4 weeks, the magnet  

temperature reached 4 K. During the cool down, the He- 

temperature was controlled to hold the difference between  

He-inlet and outlet below 40 K to avoid high mechanical  

stress. Below a temperature of 10 K, see the gray bar and  

in the insert, various air component were frozen out,  

decreasing the cryostat pressure dramatically.  
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its commissioning beginning of 2013, was re-commissioned late in 2014. After the mentioned 

preparations had been finished, the in-vessel installations completed, the neutron detector calibration 

finished and the plasma vessel been closed the W7-X magnet system was cooled down together with 

the cryo plant, starting middle of February 2015.  

After less than 4 weeks the superconducting coils set together with the mechanical support structure, 

i.e. a total mass of 430 tons, were cooled down successfully to 4 K without any problem [13], see Fig. 

3. Subsequently different cryogenic operation modes were successfully commissioned, the standard 

mode at about 4 K for magnet operation up to 2.5 T, and the short standby mode at around 10 K for 

night and weekend breaks.   

During this cooling down no collisions between neighbouring components inside the very tight 

cryostat-vessel, e.g. bus bars and cryo-pipes were observed, although these components were 

shrinking and the magnet system sliding support moved by up to 11 mm [14]. These effects had also 

been calculated and taken into account before assembly. Mechanical measurements during the cooling 

process confirmed the corresponding FE modelling. 

 

3.3 Plasma vessel and non-superconducting coils 

In parallel to this long phase of commissioning the cryo supply system, others components have been 

taken into operation. During the commissioning of the plasma vacuum pumps, during the first pump 

down of the plasma vessel, a systematic fault was found in the pump duct sealings of all the turbo 

molecular pumps. After replacement of 80 sealings DN400CF with an improved assembly technology, 

the pump out of the plasma vessel was successful. A plasma vessel pressure of 1*10
-6

 mbar was 

achieved with 12 turbo pumps (out of 30 available in total) after two weeks. During that time the 

initial leak rate of the plasma vessel could be decreased by repairing 13 leaks (mainly bolts to be 

tightened correctly). Before bake-out a final pressure of 7*10
-7

 mbar was achieved). 

Fig. 4 shows the evolution of the vertical loads between the three pendulums within one module due to 

the deformation of the plasma vessel during evacuation. The predicted load redistribution as function 

of the measured load corresponds very well to the AEA41 and the AFF40 pendulum measurements. 

The AEX41 shows less reduction during the pump down than predicted. Since the AEX pendulums 

are close to the neighbouring plasma vessel module, the load distribution on this pendulum is very 

sensitive to the boundary conditions. An important check concerned the overall pendulum load staying 

constant over time. This was confirmed by measurements performed between April 2014 and July 

2015. 

   

 

Figure 4. Pendulum support positions (a) and support loads (b) for single plasma vessel module: The 

data points are the measurements, the predictions are shown as solid lines [12]. 

In addition to the superconducting coils, W7-X also has two normally conduction coil systems which 

were commissioned in parallel to the other tasks: 
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a) Ten control coils inside the plasma vessel, behind the divertor targets [15] to sweep the divertor 

strike point over the target and to equalize the power load onto the 10 divertor targets. This system 

was commissioned in the time April-November 2015.   

b) In addition, five so-called trim coils are mounted on the outside of the cryostat (symmetrically to 

the midplane) [16]. These, independently supplied, coils can be used for physics studies related to the 

correction of potential stellarator symmetry breaking magnetic errors. For this, each of the power 

supplies can provide the coil currents in both directions and with a sweep frequency of up to 1 Hz. 

This system has been commissioned in fall of 2014 [17]. 

 

3.4 Superconducting coil system 

Following the cryo supply tests, the superconducting magnet system, consisting of 7 circuits with 10 

coils each in series, was taken into operation. First each of the 7 circuits was tested standalone up to 

current level of 5-12.8 kA (depending on coil type and mechanical limitations), including adjusting the 

Quench Detection (QD) detectors. Figure 4 shows current test at the 12.8 kA level for the non-planar 

coils of type 4. The test cycle has different current ramps (red line) including also slow and fast 

discharges. Also shown is the He-temperature in the course of the circuit, starting with 3.9 K at the 

inlet, with the coil outlets at 4.05-4.5 K and ending at the current leads, where the helium leaves the 

cryostat with a temperature of about 5 K. 

Figure 4. Current tests for the 

non-planar coils type 4. The coil 

current is shown in red (right 

scale), all other lines show the He-

temperature (left scale). The cold 

He enters W7-X with a 

temperature of 3.9 K and is heated 

up while flowing though the coils 

and leaves W7-X with about 5.1K. 

 

 

 

 

After commissioning of the single circuits, the whole system with 70 coils was successfully 

commissioned in a similar way [18]. After integral commissioning of the magnet system, the magnetic 

flux surfaces were confirmed with an electron beam [19]. These results confirmed that the required 

tolerance requirements, in all phases from the winding pack and coil fabrication to the assembly of the 

coils within a module and the general position of all modules, were successfully met [20].  

3.5 Baking and preparation of operation 

In August 2015 the plasma vessel was baked at 150° C for 10 days with a plateau of 7 days [12]. This 

baking was performed with pressurized water in the plasma vessel and port cooling/heating pipes 

outside the plasma vessel (with the thermal isolation protecting the cold coil system). The ports, 

connecting the plasma vessel to the torus hall, were heated electrically to the same temperature. After 

baking, a plasma vessel pressure of 2*10
-8

 mbar was achieved, as compared to 7*10
-7

 mbar before the 

baking.   

Subsequently the magnet flux surface measurements were continued to further check the possibilities 

of the trim coils [21], using specialized field configurations. About 25 diagnostics systems were 

finalised and commissioned in the fall 2015 [22], as well as the ECRH-system which was 

commissioned with sixt gyrotrons, capable of delivering about 5 MW into the plasma with steerable 

antennas from the low field site of the plasma [1].  
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In parallel to preparing the hardware, also software components had to be commissioned. The steady-

state archiving of technical and experimental data was operational during the full period of 

commissioning, but the number of components was largely increased during this time [23].  

A major issue was the discussions with the authorities of Mecklenburg-Vorpommern to get the 

operation permit. To check the W7-X safety report, the authorities charged the German Association 

for Technical Inspections (TÜV Rheinland). These discussions with the TÜV resulted in a few, rather 

late modifications of safety systems (radiation protection system, access system and the control system 

for keeping the torus hall free of persons). This also concerned the central Safety System (cSS), which 

has been developed according to the standard IEC 61511. Following the safety analyses for all 

components, including heating and diagnostics systems, a risk analysis has been performed for all 

possible faults with regards to personnel safety and device safety (investment protection). For each of 

these risks, a Safety Instrumented Functions (SIF) has been formulated and the respective Safety 

Integrity Level (SIL) derived [24, 25].The hardware for the cSS is based on a fail-safe redundant 

Simatic S7-400 safety PLC (Programmable Logic Controllers). The full cSS chain (sensor-logic-actor) 

has been developed and validated according to IEC 61511 and approved by the TÜV. For OP 1.1, the 

cSS included 27 SIFs for personnel safety and 9 SIFs for machine safety. Some of the risks, were 

handled by organisational means only, i.e. by explicit actions from machine operators or by 

components ROs, as foreseen in the standard IEC 61511. 

4. The first operation of W-X 

In December 2015, the fast control system (fcs), which sets up the fast plasma control (control of 

gases, heating, timing of diagnostics) was commissioned [26, 27]. After the release of the permit to 

operate W7-X, the first helium-plasma was ignited on December 10, 2015.  

Operation started with helium for safety reasons. A short 20 ms helium gas puff via a piezo valve 

provided the gas target for ECRH, which was launched 100 ms after the gas puff by two gyrotrons 

with 500 kW each. Plasma break down was successfully achieved in the first attempt but ECRH 

absorption was lost after 10 ms, probably due to the influx of impurities originating from the plasma 

facing components. By repeated application of ECRH conditioning cycles the gas load of the walls 

was reduced such that the plasma phase could be extended to 50 ms. These conditioning cycles were 

sequences of up to 20 consecutive short discharges with up to 3 MW ECRH power, 50 ms pulse length 

and 30 s dwell time between the pulses to allow for pumping. This special feature of the fcs, designed 

for steady-state plasma operation, allowed to programme and conduct these cleaning sequences very 

efficiently. Further improvement was achieved with the availability of the glow discharge conditioning 

(GDC) system. After the first application of helium glow discharges with 15 min duration the ECRH 

absorption phase increased to about 100 ms, but degraded steadily in the following plasma discharges 

[28].  

Figure 5. Hydrogen discharge 

with 2/4 MW ECRH power and 

increasing densities (Exp. 

20160303.6). The electron 

cyclotron emission shows a 

channel about 4 cm from the 

plasma centre. With controlled 

gas puffing the density could be 

adjusted to higher levels. 
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Plasma performance improved substantially with the time of operation. Additionally, the length of 

glow discharge conditioning was extended up to 40 min, providing excellent conditions for the early 

discharges of a day. ECRH conditioning with helium was rather effective to remove hydrogen from 

the walls.  

Already during the first H-plasmas the ECRH-absorption phase reached 200 ms with 2 MW of heating 

power. However, the discharges were still limited by an uncontrollable density increase which 

provoked a radiation collapse. This improved rapidly with progressing plasma operation. Eventually, a 

pulse length of 6 s was possible at moderate heating power of 0.6 MW and constant line-averaged 

density of 7x10
18

 m
-3

. Long discharges are of particular importance for W7-X, since the time scales for 

the development of internal plasma currents can be in the order of many seconds. Full density control 

was not achieved with the present limiter configuration even with hydrogen. The effective recycling 

coefficient was limited to Reff = 1, i.e. without external gas fuelling the density stayed constant. 

However, with controlled gas puffing the density could be adjusted to higher levels, see Fig. 5. 

Up to the end of the operation phase OP 1.1, on March 10, 2016, 948 experiments [27] have been run, 

i.e. 776 plasma experiments, as listed in table 1. Due to the sequences of multiple plasma pulses in one 

experiment run, the number of plasma pulses was much higher, adding up to 1922 plasma pulses. 172 

technical experiments have been used for commissioning and improvements of timing systems, 

diagnostics and ECRH. 

Table 1. Statistics of the experiments in OP 1.1. 

Especially cleaning experiments often used up 

to 20 plasma pulses in one experiment.  

 

 

 

5. Conclusion 

After a detailed commissioning process, which took advantage from the detailed FEM modelling of 

the W7-X device, and carefully comparing the measurements (mechanical as well as electrical and 

thermo-dynamical) with these predictions, Wendelstein 7-X was commissioned successfully in 

December 2015. During the operation phase OP 1.1, which was concluded in March 2016, about 950 

experiments have been run, more than 66 % of them already investigating physics question [1]. 
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