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Plasma radiation behavior approaching
high-radiation scenarios in W7-X
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The stellaratorW7-X has conducted, so far, experiments under both limiter and divertor conditions1−2. While
in the former case, smooth flux surfaces at the plasma edge, being free of low-order resonances, are cut by
five local limiters, in the latter case, a lower-order island chain is intersected with ten sophisticated divertor
units. Here, an interesting question emerges as how and to what extent the different plasma boundary condi-
tions affect the impurity radiation and thereby the plasma performance, especially through radiation–driven
thermal instability. They are the main topics addressed in this paper.

Figure 1: Radiation loss fraction, frad, as a function of plasma density during stationary phases (i.e.
small variations of plasma energy within a time-interval of around energy confinement time) for lim-
iter configuration with varied Pheat (left). Those for the divertor plasma in pre- and post-boronisation
experiments are exemplified by Pheat ~3 MW to demonstrate the high-radiation (i.e. high power re-
moval) capability of the divertor plasma in W7-X. Note the stars in the panels correspond to the cases
in figure 2(a) and (d).

Figure 1(a) shows the data points collected from the quasi-stationary state of the limiter plasmas. They are all
hydrogen plasmas generated with ECRH. Most of the stationary limiter plasmas have a radiation fraction frad
less than ~45%. At higher radiation fractions, the limiter plasmas are usually unstable and thermal instabilities
develop3. In this case, the stored plasma energy drops and the plasma shrinks, driven by an inwards move-
ment of the radiation zone (see figure 2(c)). In contrast, most of the divertor plasmas can be stably operated
at clearly higher radiation levels up to frad ~ 0.94−6 without significant loss of the energy content. Examples
(Pheat ~3 MW) are shown in figure 1(right), gathered from both pre- and post-boronisation experiments.
In general, concerning impurity radiation, the island divertor has shown two beneficial effects in contrast
with the limiter: 1) intensive radiation is located at the edge (r/a > 0.8) even at high radiation levels, and 2)
the plasma remains stable up to a radiation fraction of ~90%.
Using two comparative examples, figure 2 shows the 2D radiation intensity distributions obtained by tomo-
graphic reconstructions based on the bolometer measurements. One is a limiter discharge (#20160309.7) and
the other (#20171109.45) is a pre-boronisation divertor plasma to ensure that the comparison is made under
similar wall-conditions. These reconstructions are performed by Gaussian Process Tomographymethod in the
Minerva Bayesian modelling framework7,8, which usually gives results similar to those of another algorithm,
minimum Fisher information tomography9,10. It clearly shows that a radiation zone, which peaks at r/a ~ 0.8
inside the LCFS (the red dashed line) of the limiter plasma, shifts outwards to the separatrix (see the magnetic
islands with Poincare plot in black) in the diveror plasma. A common feature of all the discharges studied is
that the radiated power loss fraction, defined as frad = Prad/Pheat, increases with plasma density, while it
decreases by increasing the heating power at a fixed plasma density.



Figure 2: Comparison between 2D radiation intensity distributions of limiter (top) and divertor (bot-
tom) plasmas at different radiation loss fractions, measured by bolometers at a triangular plasma cross-
sections. The white dashed line represents the last closed flux surface (LCFS) position of the limiter
configuration and the Poincare plots in black show the magnetic islands in ‘standard configuration’for
the diverter case without considering the error field effect. Due to limited lines of sight (with a spatial
resolution of ~ 3 cm) at the edge, the resolution of the finely structured radiation pattern in the island
chain (with a width of ~ 8 cm) is still a challenge. Note the different scales used in the color coding of
the emissivity; they are normalized to the maximum in each figure for a better resolution.

Boronisation significantly reduces the carbon and oxygen yield in the machine9. After wall-boronisation, the
plasma densities required for accessing high-radiation regimes increase by a factor of ~3. The radiation distri-
bution in the divertor plasma is less affected, and still localized at the plasma periphery. Poloidal asymmetry
in radiation distribution is observed before and after boronisation. The radiation distribution becomes more
up/down-asymmetric towards high-density, high-radiation, as shown in figure 2 (d). It is interesting to men-
tion that this up/down asymmetry reverses under certain plasma conditions after boronization. The reason
is unclear and needs to be investigated. It is often seen that a detachment transition is accompanied with an
abrupt rise in radiation with respect to the density increment. At the same time, the radiated power from the
SOL, Prad,SOL, which can be estimated based on the line-integrals of bolometer channels purely viewing the
SOL decreases. The portion inside the separatrix , i.e. frad,core = 1 − Prad,SOL/Prad, jumps to a higher
level, leading to a visible drop of the stored energy. An example is shown in figure 3, which shows to what
extent this can happen. This sharp increment of the radiation level at a critical density was usually observed
in limiter plasmas at detachment transition as well. However, after the transition, most of them are unstable
and even collapse, accompanied with an inward movement of the radiation zone3. By contrast, most of the
divertor plasmas can withstand the abrupt transition, with the radiation layer stabilized around the separatrix.
As described, the island divertor concept on W7-X offers a large operating window up to high-density and
high-radiation scenarios. Understanding the plasma radiation behavior and the impurity transport involved
are essential for finding optimized operation windows of W7-X. This requires the knowledge of the back-
ground plasma parameters (of sufficient quality) and also a suitable tool, such as the EMC3-Eiren code12,13,
which is a 3D numerical tool capable of self-consistently treating the plasma, impurity and neutral transport
in realistic 3D SOLs. Comparisons between the experimental results of bolometers with code simulations are
ongoing.



Figure 3: The rapid change of the radiation loss fraction frad (a) and its portion inside the LCFS (b)
at detachment transition, accompanied by a visible drop of the stored energy (c) in a divertor plasma
displaying the role of frad,core on affecting the plasma performance.

References:
1T. Klinger, et al Plasma Phys. Control. Fusion 59 014018 (2017)
2T.S. Pedersen, et al Nucl. Fusion 55, 126001 (2018)
3D. Zhang et al, to be submitted (2020)
4D. Zhang, et al, Phys. Rev. Lett. 123, 025002(2019)
5O. Schmitz, et al submitted to Nucl. Fusion (2020)
6M. Jakubowski, et al IAEA-FEC 2020
7J. Svensson, JET Internal report, Tech. Rep. (EFDA-JET-PR (11) 24, 2011).
8J. Svensson and A. Werner, in 2007 IEEE International Symposium on Intelligent Signal Processing (IEEE,
2007)
9M. Anton et al., Plasma Phys. Control. Fusion 38 (1996) 1849
10D. Zhang, H. Thomson et al., 40th EPS Conf. on Plasma Physics,Espoo, Finland (2013)
11T. Wauters, et al Plasma Phys. Control. Fusion 62 (2020)
12Feng Y et al 1999 J. Nucl. Mater. 266-269 812
13Reiter D et al 2005 Fusion Sci. Technol. 47 172

Country or International Organization
Germany

Affiliation
Max-Planck Institut fuer Plasmaphysik



Author: Dr ZHANG, Daihong (Max-Planck Institut fuer Plasmaphysik, D-17491 Greifswald, Germany)

Co-authors: DrBURHENN, Rainer (Max-Planck-Institute for Plasma Physics, D-17491Greifswald, Germany); Dr
FENG, Yuhe (Max-Planck-Institut für Plasmaphysik, D-17491 Greifswald, Germany); Dr GIANNONE, Louis (Max--
Planck Institut fuer Plasmaphysik, D-85748 Garching, Germany); Dr KOENIG, Ralf (Max-Planck Institut für Plasma-
physik, D-17491 Greifswald, Germany); Dr EFFENBERG, Florian (Princeton Plasma Physics Laboratory, Princeton,
NJ, 08543 USA); KWAK, Sehyun (Max-Planck Institut fuer Plasmaphysik, D-17491 Greifswald, Germany); Dr
SVENSSON, Jakob (Max-Planck-Institut für Plasmaphysik, D-17491 Greifswald, Germany); Dr BUTTENSCHOEN,
Birger (Max-Planck Institut fuer Plasmaphysik, D-17491 Greifswald, Germany); Dr BEURSKENS, Marc (Max--
Planck Institut für Plasmaphysik, D-17491 Greifswald, Germany); Dr REIMOLD, Felix (Max-Planck Institut fuer
Plasmaphysik, D-17491 Greifswald, Germany); HACKER, Philipp (Max-Planck Institut fuer Plasmaphysik, D-17491
Greifswald, Germany); Dr PENZEL, Florian (Max-Planck Institut fuer Plasmaphysik, D-85748 Garching, Ger-
many); Dr THOMSEN, Henning (Max-Planck Institut fuer Plasmaphysik, D-17491 Greifswald, Germany); Dr
BALDZUHN, Juergen (Max-planck Institut fuer Plasmaphysik, D-17491 Greifswald, Germany); Dr BEIDLER, Craig.
D. (Max-Planck-Institute for Plasma Physics, Greifswald, Germany); BOZHENKOV, Sergey (Max-Planck-Institut
für Plasmaphysik, D-17491 Greifswald, Germany); Dr BRUNNER, Kai. J. (Max-Planck Institut fuer Plasmaphysik,
D-17491 Greifswald, Germany); Dr FUCHERT, Golo (Max-Planck Institut für Plasmaphysik, D-17491 Greifswald,
Germany); GAO, Yu (Max-Planck Institut fuer Plasmaphysik, D-17491 Greifswald, Germany); JAKUBOWSKI,
Marcin (Max-Planck-Institut für Plasmaphysik, D-17491 Greifswald, Germany); Dr KRYCHOWIAK, Maciej (Max--
Planck-Institut für Plasmaphysik, D-17491 Greifswald, Germany); Dr NIEMANN, Holger (Max-Planck Institut
für Plasmaphysik, D-17491 Greifswald, Germany); Dr OTTE, Matthias (Max-Planck Institut fuer Plasmaphysik,
D-17491Greifswald, Germany); Dr RAHBARNIA, Kian (Max-Planck Institut für Plasmaphysik, D-17491 Greifswald,
Germany); LUKAS, Rudischhauser (Max-Planck Institut fuer Plasmaphysik, D-17491 Greifswald, Germany); Dr
WEIR, Gavin (Max-Planck Institut für Plasmaphysik, D-17491 Greifswald, Germany)

Presenter: DrZHANG,Daihong (Max-Planck Institut fuer Plasmaphysik, D-17491Greifswald, Germany)

Session Classification: P6 Posters 6

Track Classification: Magnetic Fusion Experiments


