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Abstract. In the first operational campaign of the Wendelstein 7-X (W7-X)

stellarator we observed Marfe-like radiation belts at the plasma edge. We describe

and analyze the behaviour of these radiation belts, especially with respect to the

high density inside the belt, with a set of suitable diagnostics. We present evidence

suggesting that these Marfe-like radiation belts are triggered by a drop of the edge

temperature below 30 eV. From this observation we draw the conclusion that the

physical cause of Marfes in tokamaks and Marfe-like radiation belts in W7-X is the

same, namely radiative condensation. Furthermore, both exhibit the device symmetry,

i.e. axisymmetry in a tokamak and the fivefold stellarator symmetry in W7-X.
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1. Introduction

W7-X is a large stellarator with a major radius R = 5.5 m optimized for low neoclassical

transport, a small bootstrap current and a good fast ion confinement [1]. For the first

experimental campaign, five limiters were installed in the bean-shaped planes at the

inboard side. W7-X was fuelled only by gas puffing. With limiters and no divertor,

exhaust of neutrals was not effective due to the low neutral pressure in front of the

pumping duct. Earlier in the campaign, owing to limited wall-conditioning, outgassing

from the walls would be so intense that the plasmas would start shrinking even before

making contact with the limiters. Later, discharges had prolonged contact with the

limiters. Still, in some of these discharges, wall outgassing would set in and the plasma

would shrink and collapse. In a number of those discharges, the beginning of the end of

the plasma would feature a pronounced neutral pressure spike, and an initially poloidally

localized, rotating radiation belt before the plasma would shrink and extinguish itself.

Further details and an overview of the main results of the first campaign can be found

in [2].

Poloidally localized radiation belts are frequently observed in tokamaks and are known

as multifaceted asymmetric radiation from the edge (Marfes). An early observation was

reported from ALCATOR [3]. Subsequently, Marfes were found in many other tokamaks,

including JET [4], ASDEX Upgrade [5], FTU [6] and Textor [7]. It is experimentally

proven that a Marfe is a high density, low temperature plasma structure in coexistence

with the surrounding main plasma with lower density and higher temperature [8, 9].

Modelling results have shown that radiative condensation is the cause of Marfe formation

[10, 11, 12].

Poloidally localized radiation belts have been observed not only in tokamaks but also

in a stellarator and in a heliotron. In the Wendelstein 7-AS stellarator Marfes were

found during operation with divertor [13, 14] but their properties have not been studied

in much detail. A much better studied radiation belt is the so-called Serpent in the

heliotron LHD [15] which forms the plasma operational limit in the so-called Serpens

mode. The Serpent is also a high-density plasma structure with densities in the range

from 2 to 5 ∗ 1020m−3 [16, 17] but has a more complex geometry than the axisymmetric

Marfe in a tokamak.

We focus here on measurements in W7-X and a first analysis of the radiation belts in

order to understand the physical nature of the phenomenon and the relation to Marfes

in tokamaks and Serpents in LHD. In Sec. 2 the plasma diagnostics used to characterize

these events are described. In Sec. 3 we describe two different discharge scenarios with

radiation belts in the edge plasma, studied by video camera images in Sec. 4. The density

inside the belt was determined by the interferometers, Langmuir probes embedded in

one of the limiters and by the filterscope diagnostics. These results are presented in

Sec. 5. The toroidal variation of the radiation belt is studied in Sec. 6. Finally, we

discuss the physical cause of the radiation belt in Sec. 7.
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Figure 1. Experimental arrangement of the video cameras (EDICAMs) in the AEQ

ports, the interferometer and one filterscope channnel. The position of Langmuir

probes in the limiter of module 5 is indicated by the arrow. The five neutral pressure

gauges are symbolized by the orange circles. They are approximately at midplane

positions. The module designation is abbreviated by Mod1, Mod2, etc.

2. Experimental setup

The magnetic field of W7-X exhibits five-fold stellarator symmetry. Each of the five

modules consists of two half-modules. Module 1 connects to modules 2 and 5, module

2 to 1 and 3, and so on. Fig. 1 shows the arrangement of the modules from a bird’s

eye view. The plasma cross section at the module separation points is triangular. The

limiters were positioned at the inboard side in the bean-shaped planes, located in the

center of each module.

The first experimental campaign on W7-X had a comprehensive set of diagnostics [18].

The main diagnostics for this study were the interferometer, the EDICAM video camera

system, the neutral gas manometers, the filterscope (an absolutely calibrated optical

line-of-sight spectroscopic diagnostic) and Langmuir probes in one of the limiters.

The single-channel dispersion interferometer was installed for the measurement of the

line-integrated density [19]. It measures in module 3 (Port AET31). The laser beam

passes through the plasma vessel twice in the radial direction, reflecting after its first
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pass off a corner cube reflector which is located outside the vacuum vessel at the opposite

port AEZ31, also in module 3 (see Fig. 1).

The overview video diagnostic system (EDICAM system) was mounted in ten tangential

ports of W7-X, giving very good toroidal coverage [20], except in the bean-shaped

planes (see Fig. 1). Consequently, the inboard limiters were not directly observable by

this diagnostic. The EDICAM camera system was run with 10ms temporal resolution

during the initial campaign. No interference filters were used; i.e., the EDICAM camera

system measured the full visible spectrum.

For the neutral gas density measurements a set of five in-vessel gauges of the ASDEX

type were used (for the details, see [21]). The ASDEX Pressure Gauges (APGs) were

placed at the outboard mid-plane in all five stellarator modules. The measurement range

spans almost five orders of magnitude from 2 × 10−7 to 1 × 10−2mbar, with a sampling

rate of 2 kHz [22].

The Langmuir probes were mounted in the limiter in module 5 (see Fig. 1). Two arrays

with 20 probes in each array were installed in two limiter tiles above and below the

equatorial plane. They measured either the floating potential and the ion saturation

current at constant bias voltage of -100 V or were operated in the sweeping mode

with voltages between -100 V and 10 V to measure ne and Te, respectively. The time

resolution of the probes when operated in swept mode was 2 ms.

The filterscope diagnostic was used for the measurement of the optical emission from the

plasma edge ([23]). Several lines-of-sight were installed at different toroidal positions

[24]). These measurements have a high temporal resolution of 10 µs. For this study,

we used only the Hβ filterscope channel in port AEK41 (in module 4), looking radially

through the plasma from the outboard side to the inboard wall roughly in the mid-plane

of W7-X (see Fig. 1) .

3. Description of the plasma termination

When the plasma density was increased significantly by hydrogen gas fueling in OP1.1,

the plasmas were often observed to terminate in a radiation collapse, where the minor

radial extent of the plasma would shrink over several tens of milliseconds (clearly

observable in video camera images). Very similar discharge termination behaviour

was also observed during radiation cooling experiments, when a sufficient amount of

medium-Z impurities (typically nitrogen) were puffed into the plasma in order to raise

the radiated power. We give examples of these two kinds of experiments in the following.

3.1. Hydrogen gas puffing

An example of how a plasma termination was triggered by gas puffing is shown in Fig. 2.

The density was raised by hydrogen puffing into the plasma. Three discharges are shown,

with the following signals: Total heating power, line-integrated density, neutral pressure
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Figure 2. Time traces of 3 consecutive W7-X experiment programs (2016-03-10.9

- 2016-03-10.11) with density ramp-up. The time traces are the total ECRH power,

the line-integrated density from the interferometer, the neutral pressure in module 4

and sniffer probe signal. Experiments 10 and 11 were terminated by the sniffer probe

before the pre-programmed time of 1.2 s (switch-off of the ECRH).

measured by the APG in the midplane of module 4 and the signal of the ECR stray

radiation detector, which was used as an interlock for the ECR heating. To obtain the

line-averaged density, one divides by the interferometer path length of 1.33 m.

Before t = 0 s the vacuum vessel was filled with hydrogen up to a pressure of

3.5 × 10−5mbar (prefill). The fill pulse is clearly detected by the APG. At t = 0 the

plasma is initiated by ECRH. The ECRH power and its pulse length was selected to

comply with the administrative limit of 4 MJ per pulse in effect during the last days of

operation. From 0.3 s onward the ECRH power was 4 MW. Additional gas fill pulses were

pre-programmed during the discharge to raise the density. In experiment 9 we see two

plateaus in the electron density corresponding to two additional fill pulses. The neutral

pressure shows the plateaus as well. Experiment 9 terminated as pre-programmed.

In the following experiments, 10 and 11, the gas fuel timing was the same but the input

was further increased. In both experiments, a large neutral pressure spike was measured

in module 4, the line-integrated plasma density increases around the same time, and

shortly thereafter, the ECR non-absorbed power shoots up and triggers the interlock,

terminating the discharge before its pre-programmed termination. Before the reaction

of the sniffer probe the pressure gauge detected a large neutral gas spike which was not
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Figure 3. Time traces of two experiments with nitrogen puffing (black - 2016-03-

09.51 - and gray - 2016-03-09.52): ECRH power, neutral pressure in midplane module

4 (full lines) and the line-integrated electron density (dashed lines). The difference is

the amount of injected impurities. In experiment 52 the nitrogen gas flux was doubled

compared to experiment 51. With the doubled amount of nitrogen the plasma survives

the impurity injection phase but later suffers a collapse, including a pronounced peak

in neutral pressure starting in module 4.

caused by any injection from a gas valve. This pressure event marked the beginning of

the termination of the discharge.

3.2. Impurity gas puffing

The same pressure event was also triggered by puffing impurities into the plasma. In

these experiments nitrogen was blown into the plasma in small amounts by two injection

systems of the thermal helium beam diagnostic. In Fig. 3 two experiments are compared

with a different level of nitrogen injection. The time traces show the line-integrated

electron density measured by the interferometer and the midplane neutral pressure in

module 4. The hydrogen pre-fill pulse was the same in both experiments (as can be seen

from the neutral pressure time traces). No other hydrogen gas fuelling was applied.

In both experiments nitrogen was puffed during the same time interval from 100 ms

to 300 ms, but with different flow rates. In experiment 51 the impurity gas was

puffed through the injection system in machine module 5 with a flow rate of about

4 × 1019s−1. In experiment 52 the total flow rate was doubled by adding the same gas

flow rate through the injection system in module 3. In both experiments the density rises

continuously after the end of the nitrogen injection, presumably due to wall outgassing,

at a rate slightly higher in discharge 52. The preprogrammed ECRH power duration

was the same in both discharges: 3 MW for 0.7 s. Experiment 51 was terminated

as preprogrammed after 0.7 s by switching off the ECRH power. In experiment 52

with a slightly higher density we observe again the neutral pressure spike in module 4

with the subsequent plasma termination by the sniffer probe at 0.63 s, i.e. before the
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pre-programmed pulse duration was reached.

4. Video images

Fig. 4 shows some selected plasma images of experiment 2016-03-09.52 taken from two

different ports AEQ50 (in half-module 50) and AEQ41 (in half-module 41), looking

toward each other. From port AEQ50 we observe mainly the half-module 41 and from

port AEQ41 mainly the half-module 50. Data are from three different experiment times:

450 ms, 550 ms and 580 ms (the time resolution of the video diagnostics is 10ms). In the

regular plasma phase at 450 ms the visible plasma emission comes from the plasma edge.

As modeling shows [25], the measured emission pattern is that of a poloidally symmetric

emission profile. The measured emission is concentrated in one or two regions, which

is simply a tangential effect. At 550 ms, in contrast to the regular plasma, we observe

a poloidally asymmetric radiation belt. This emission pattern cannot be modeled by a

poloidal symmetric emission profile. The radiation belt is similar to a Marfe as observed

in tokamaks [8]. This Marfe-like event coincides with the neutral pressure peak in module

4. Note that the radiation distribution in the edge is completely changed. In contrast

to the regular plasma at 450 ms the control coil is visible (see Fig. 4(d)). When the

density rises further, the Marfe-like radiation belt disappears and the plasma detaches

poloidally (see the images in Fig. 4(e) and Fig. 4(f) at 580 ms). Due to the strong

poloidally symmetric emission profile the measured emission is concentrated again in

two regions (tangential effect). Note that the control coil is not longer visible.

Fig. 5 shows a sequence of 4 subsequent images which show the temporal development

of the Marfe-like radiation belt in experiment 2016-03-09.52. The temporal resolution

is 10 ms. The emission band is created at the inboard side at 530 ms, around the time

of the first abrupt rise in neutral pressure in Module 4. It moves from the inboard to

the outboard side within 30 ms (see images b-d). The rotation direction seen from the

AEQ50 camera view is anti-clockwise (in mathematically positive direction).

5. Plasma edge density

Let us assume for the moment that the observed radiation belt is a Marfe. Then,

during its rotation the plasma edge diagnostics should observe high electron density.

We consider here the interferometer and the Langmuir probes.

5.1. Interferometer

As already mentioned, the interferometer is installed in module 3 of W7-X. In the image

Fig. 5(d) the Marfe-like radiation belt crosses the line-of-sight of the interferometer,

projected from module 3 to module 4, at 560 ms. The crossing point is on the outboard

side. Thus, the density bump seen at 560 ms in the interferometer trace (see Fig. 3) can

be explained by the transit of the high-density radiation belt.
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(a) View from AEQ50 at 450 ms:

regular plasma

(b) View from AEQ41 at 450 ms:

regular plasma

(c) View from AEQ50 at 550 ms:

marfe-like radiation belt

(d) View from AEQ41 at 550 ms:

marfe-like radiation belt

(e) View from AEQ50 at 580 ms:

poloidally detached plasma

(f) View from AEQ41 at 580 ms:

poloidally detached plasma

Figure 4. Selected video images from experiment 2016-03-09.52: regular plasma at

450ms, Marfe-like radiation belt at 550 ms, and poloidally detached plasma at 580ms.

The limiters are not directly visible in the images. The images cover a fifth of the

plasma vessel (half of module 4 and 5).
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(a) View from AEQ50 at 530 ms: passage of

the filterscope channel

(b) View from AEQ50 at 540 ms: passage of

the filterscope channel

(c) View from AEQ50 at 550 ms: passage of

the filterscope channel

(d) View from AEQ50 at 560 ms: passage of

the interferometer path

Figure 5. Sequence of four video images from experiment 2016-03-09.52 showing

the poloidal motion of the Marfe-like radiation belt from the inboard to the outboard

side. Due to the rotation it is detected by the interferometer and by the filterscope at

different times.
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Figure 6. Limiter Langmuir probe results: Some selected temperature (left) and

density profiles (right) of experiment 2016-03-09.52. Profiles from the upper limiter

are shown in blue, profiles from the lower limiter are shown in red. The first two lines

show profiles without the Marfe-like event, the second two lines show profiles with the

Marfe-like event. In the last line profiles for experiment 2016-03-09.51 are shown for

comparison.

Fig. 3 shows that the line-integrated density rises from 2.3 to 2.6 ∗ 1019m−2 when the

radiation belt crosses the interferometer path; i.e., it contributes 0.3 ∗ 1019m−2 to the

line-integrated density. With an approximate radial width of the radiation belt of

0.08 ± 0.02m the mean density inside the belt is estimated to about 4 ± 1 ∗ 1019m−3.

5.2. Langmuir probe arrays in the limiter

The Langmuir probes integrated in the limiter tiles also measure edge plasma density.

Fig. 6 shows the spatial distribution of the density and electron temperature profiles of

experiment 2016-03-09.52 (for four different points in time). In the bottom row, results

from experiment 2016-03-09.51 (where no Marfe-like radiation belt was present) are

shown for comparison.

The density measured by this array has been corrected for deviations from the nominal

probe area, possibly due to erosion or small dimensional changes. For comparison,

independent data from the multi-purpose manipulator (MPM [26]) is available for

experiment 17 on the same day, but only for distances 35-65mm outside the LCFS,

requiring extrapolation. Overall, the right side (facing Module 1) of the limiter array
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seems much less affected than the left. From the right side raw data, it would seem that

the density data are scattered +/- 20 % about a profile with an e-folding scale length

of between 20 and 40mm. A correction profile is obtained from this data for these

scale lengths, adjusted so that when extrapolated, it is consistent with the MPM data.

This correction profile makes density profiles over a wide range of shots, powers, and

configurations much smoother, and much more left-right symmetric. If the Marfe-like

event data are processed by normalisation to the experiment 17 data in this way with

each of these assumed profile widths, the Marfe-like event feature time dependence and

profiles are essentially unchanged. The main difference is that the 20mm profiles are

more peaked as expected and have higher peak densities (by about 60%). Apart from

these differences, the time dependence and profile of the Marfe-like event differ only by

the approximate size of the point markers.

There are two findings worth noting from the Langmuir probe data.

The first is that the Marfe-like radiation belt is clearly detected on the limiters in

the bean-shaped plane - which cannot be observed by the video diagnostic. Thus, the

Marfe-like radiation belt is toroidally extended and could be present in all modules. The

density profiles from the lower limiter show corresponding density bumps in the profiles

from 0.5-0.52 and 0.53-0.54 s while the profiles from the upper limiter are unchanged

during these time intervals. The Marfe-like radiation belt touches the limiter only in

the lower region below midplane. We assume that this is the case for all five limiters

because of the similarity of the video images in all modules. It is not clear whether the

Marfe is principally confined to the lower region in W7-X or can freely rotate. In the

latter case we would observe it also in the upper part of the torus. A comparison of the

two density profiles with the Marfe feature from the lower limiter shows that Marfe-like

radiation belt moves downward. This is illustrated in Fig. 7 where the corresponding

probes are marked which detect the enhanced density in the interval 0.53 - 0.54 s. The

maximum density is detected by the probes 5 and 6. It is about 1.5 × 1019m−3 which

is still relatively low compared to the estimation of the density from the bump in the

interferometer trace.

The second thing worth noting is the direct measurement of the temperature at and

just barely outside the separatrix, which is measured by the Langmuir probes near

the limiter centre. In experiment 51 the maximum temperature is about 50 eV. In

experiment 52 the temperature is about 30 eV prior the Marfe-like radiation belt (see

the temperature profile from 0.45-0.47s). This supports our conclusion that it is a

radiative condensation phenomenon which appears below a certain edge temperature,

as we will discuss in Section 7. By puffing nitrogen impurities into the plasma edge with

a sufficient puffing rate, it is cooled to below the threshold.

5.3. Filterscope results

In Fig. 8 the neutral pressure in module 4 is compared to the filterscope diagnostic

from port AEK41. We show the filterscope signal with an Hβ interference filter from
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Figure 7. The positions of the four Langmuir probes in the lower limiter which

detect the Marfe-like radiation belt between 0.53 and 0.54 s. The maximum density is

measured by the probes 5 and 6 (compared to the probes 5,6,7 and 8 in the interval

before) which suggests a downward movement in the bean-shaped plane of module 5

as indicated by the arrow.

Figure 8. Time trace of one filterscope channel from port AEK41 with Hβ filter.

The neutral pressure (module 4) and the interferometer time traces are also shown for

comparison. The Marfe-like radiation belt exists from 530-570 ms. When it passes

filterscope channel (from 530-560 ms) the Hβ signal strongly rises.

experiment 2016-03-09.52. The Hβ signal is very large when the radiation belt crosses

the filterscope channel at 540 and 550 ms. At 560 ms, however, the radiation belt is

out of the filterscope line-of-sight and the signal is correspondingly smaller (compare

the images in Fig. 5).

There is another typical observation of an Hβ rise at the end of the experiment when the

heating is switched-off and the charged particles are still confined in the magnetic field.

In this phase of the experiment the density remains high [19] but the particles cool down

and recombine. The increased in Hβ is the consequence of the volume recombination.

We think that the strong rise of Hβ in the Marfe-like radiation belt has the same cause.
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Figure 9. Temporal behaviour of the radiation belt (t = 550-630 ms). Data is from

experiment 2016-03-09.52. The total emission as measured by seven video cameras (on

top) is roughly correlated with the neutral pressure from 3 modules (in the middle).

Data shows a toroidal variation of neutral pressure and visible emission inside the

Marfe-like radiation belt. The line-integrated density is plotted for comparison (at

bottom).

6. Toroidal variation of the Marfe-like radiation belt

The emission pattern of the radiation belt seen from equivalent positions in the other

stellarator modules is very similar. This implies that it has the five-fold sysmmetry of

the magnetic field. The intensity, however, exhibits a spatio-temporal variation.

Fig. 9 shows the intensity of the video images and the neutral pressure as a function

of time. Note that the optical emission has no spectral resolution. The whole visible

emission was summed upon the CCD sensor. The neutral pressure spike appears first in

module 4 and moves in positive, anti-clockwise toroidal direction over module 1 towards

module 2 (seen from the bird’s eye view). As Fig. 9 shows, there is a rough correlation

between the total optical emission and the neutral pressure. There is not only a poloidal

rotation but also a toroidal rotation of a high-emission, high-neutral-pressure feature

inside the radiation belt. A toroidal movement of a high density region with volume

recombination region would explain both features.

7. Discussion

At the beginning of the discussion we would like to emphasize that the experimentally

found properties of the radiation belt in W7-X are very similar to a Marfe:
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• Both exhibit the device symmetry, namely axisymmetry in a tokamak and the

five-fold stellarator symmetry in W7-X.

• The radiation belts have a higher electron density compared to the the surrounding

plasma.

• Volume recombination is detected in the radiation belts, indicating that the

temperature inside must be very low.

We have not directly proven the latter item, which would require a simultaneous

measurement of density and temperature in the center of the belt. However, we

have detected the pressure spikes and high Hβ emission, both of which are very hard

to understand without te assumption of volume recombination. Because of these

coincidences, we conclude that the radiation belt in W7-X is a Marfe with some special

properties. These are the poloidal rotation and the toroidal modulation of the belt; i.e.,

of the neutral pressure and the total emission.

A Marfe is the result of a radiative condensation process which is possible at a certain

radiation level. We have found an approximate mean density in the radiation belt

of 4 ∗ 1019m−3, which is much lower than the estimated density inside the Serpent of

LHD (2..5 ∗ 1020m−3). An improved measurement of the plasma parameters inside the

Marfe in W7-X remains a topic of future work, but nonetheless this value indicates the

condensation.

This picture is supported by model calculations for a cylindrical equilibrium which

remained thermically stable up to a critical radiation rate where the power input into the

plasma edge equals the totally radiated power [27]. In the model, radiative condensation

already started at 75% of the loss power; i.e., well below the critical radiation fraction

of 100%. This results explains why we observe the Marfe-like radiation belt before the

onset of the full poloidal detachment with shrinking plasma radius (see Fig. 5).

The critical power threshold is mainly a temperature threshold. The total radiation Ptot
per unit volume is given by Ptot = LZ(T ) ∗ ne ∗ nZ , where LZ(T ) is the radiative power

function, ne is the electron density, and ni is the ion density. In the absence of strong

nitrogen puffing, the dominant edge impurity was carbon in W7-X limiter operation,

owing to the fact that the limiters were made of fine-grain graphite. The radiation

level depends linearly on the impurity density but is a nonlinear function of electron

temperature - see Fig. 10. For W7-X at the edge, where the Langmuir probes indicate

that ne ≈ 5 × 1018 m−3, the ne ∗ τi = 1018 m−3s curve should be the most relevant one,

since we can safely assume τI ≥ 200 ms. It has an unstable slope between about 8 eV

and Tmin = 40eV where it varies by three orders of magnitude. By unstable it is meant

that a lower Te will lead to stronger radiative losses, which will lower the temperature

further, thus making the plasma temperature collapse into the Te ≤ 1 eV range. The

radiative power function for nitrogen, used in the impurity gas puff experiments (Sec.

3.2), is similar to that of carbon and has also a minimum of the radiative power function

at 40 eV. Our Langmuir probe measurements of electron temperature support the notion

that radiative condensation is initiated at a critical temperature. In the stable discharge,
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Figure 10. The radiative power function of carbon as a function of the electron

temperature [28] for different values of ne ∗τi, where τi is the impurity ion confinement

time. For larger values of ne ∗ τi, the function approaches that predicted by coronal

equilibrium. Approaching this limit, a local minimum appears. At ne∗τi = 1018 m−3s,

realistic for W7-X edge conditions, the minimum is around Tmin ≈ 40 eV.

the edge electron temperature remained around 50 eV whereas it was about 30 eV in

the discharge that showed the Marfe.

A special feature is the observed poloidal rotation of the Marfe to the outboard side.

Marfes in circular tokamaks can also move upwards or downwards when they reside in

front of the inboard wall [29, 30]. They were, however, never observed on the outboard

side. In LHD the Serpent completed many full rotations over several seconds [15]. Due

to the rotation several plasma edge diagnostic signals exhibited strong fluctuations.

The poloidal rotation frequency could be determined to be about several tens of ms

depending on the heating power. In stellarators and heliotrons Marfes are observed on

the outboard side or can poloidally rotate.

As already mentioned, it is very likely that the observed pressured spikes are due to

volume recombination, but a number of open questions remain for a comprehensive

understanding of this phenomenon. One is why the first spike always appeared in

module 4.

During operation, it was observed that these pressure spikes and subsequent early

terminations of the plasma would appear progressively earlier in the discharges as

the run day went on. Wall-cleaning with helium discharges would often recover good

performance, and glow-discharge cleaning would always do so. Thus, there is evidence

that these events were also related to excessive outgassing from the walls, possibly

even self-consistently triggered by high-density low-temperature plasma edge conditions,

because these imply a larger fraction of the power losses going to components other

than the limiters - be it through charge-exhange neutrals, radiation photons, or even a

widened scrape-off layer.

One hypothesis is that an initial, localized, and abrupt influx of neutrals starting around

t=0.52 s causes a local plasma density increase, a resulting local temperature decrease,
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and the Marfe is triggered into existence. It then becomes itself a source of neutrals,

through volume recombination. Although some molten plastic was found in a few places

in the device, which could act as such localized sources if heated above their evaporation

temperatures, none were found in module 4, so the nature and existence of such a source

remains unclear. Another hypothesis is that the Marfe is triggered, not by an abrupt

influx of neutrals, but by a gradually dropping electron temperature, and that the Marfe

is the abrupt and local source of neutrals detected starting at t=0.52 s. This second

interpretation conflicts, however, with the observation that the pressure seems to rise

first followed by the the sudden increase of Hβ (see Fig. 8).

One conclusion regarding sources of neutrals from the outside can be drawn: There

must be some additional - and significant - external source of particles involved in the

dynamics from 0.52 to 0.6 seconds in experiment 52. This follows from the fact that the

recombination process is simultaneously a source of neutral particles, and an equivalent

sink for the plasma particles. Since both electron density and neutral pressure go up

during this time period, an extra external particle source must be present.

8. Summary

A number of discharges in the W7-X operational phase 1.1 with inboard limiters were

terminated by radiative condensation that featured a Marfe-like radiation belt at the

edge and one or several neutral pressure spikes due to volume recombination. The

higher density inside this event was detected by the interferometer and by Langmuir

probes. Marfe-like radiation belts in W7-X are non-axisymmetric and have the five-fold

stellarator symmetry. They appear to be triggered at an edge electron temperature of

30 eV, consistent with the radiation characteristics of carbon and nitrogen near coronal

equilibrium. The drop in edge temperature was, in the operational phase 1.1, caused by

an increased plasma density or increased impurity radiation, and was associated with an

external neutral particle source whose exact nature remains unclear. In the operational

phase 1.2 with increased plasma density, but also strongly increased heating power, and

an island divertor, with a better core-edge separation and more efficient pumping, as

well as more elaborate wall-conditioning, Marfe-like radiation belts were also observed,

especially in the high-iota configuration. It remains to be seen if they can be avoided

in certain magnetic configurations.
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U, Jablonski S, Jakubowski M W, Kaczmarczyk J, Klinger T, Klose S, Knauer J, Kocsis G,
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